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I. Executive Summary 
 

Proposal Abstract 
SAFIR is a large (10m-class), cold (4-10K) space telescope for wavelengths between 20µm and 1mm. 
It will provide sensitivity of a factor of a hundred or more over that of SIRTF and Herschel, 
leveraging their capabilities and building on their scientific legacies. Covering this scientifically 
critical wavelength regime, it will complement the expected wavelength performance of the future 
flagship endeavors JWST and ALMA. This vision mission will probe the origin of stars and galaxies 
in the early universe, and explore the formation of solar systems around nearby young stars. 
Endorsed as a priority by the Decadal Study and successive OSS roadmaps, SAFIR represents a huge 
science need that is matched by promising and innovative technologies that will allow us to satisfy it. 
In exercising those technologies it will create the path for future infrared missions. This study will 
refine the scientific goals of the mission, explore promising approaches for it's architecture, and 
sharpen understanding about remaining technological challenges that will allow us to recommend 
optimal strategic investments. Our broadly based team will show how SAFIR responds to the 
scientific challenges in the OSS Strategic Plan, and how the observatory can be brought within 
technological reach. 
 
Study Background 
This report is the result of a concerted one-year Vision Mission study for SAFIR funded by NASA to 
sharpen understanding of possible future missions for scientific and programmatic planning. In order 
to achieve this, the goal of the report is to lay out the science drivers for the mission showing 
consistency with identified agency scientific goals, to develop a point-design for the mission that can 
be used to assess the achievability and technical credibility of the mission, to identify and understand 
technical tall-poles for the mission, and to offer a technology roadmap to NASA that can be used to 
not only assure success in development and implementation, but to develop technological heritage 
that is of value to future, even more ambitious missions. The SAFIR Vision Mission team is 
composed of science and engineering stakeholders from NASA, academia, and industry with deep 
involvement in space infrared observatories and NASA mission planning.  
 
We consider this report to represent a focused step towards SAFIR, laying the groundwork for 
scientific and technological advances that are developing quickly. For example, Spitzer is 
revolutionizing our picture of the far infrared universe, and our team has had a special challenge in 
rapidly distilling scientific insights from that observatory which are just now being released. Results 
from Herschel and SOFIA that bear strongly on the SAFIR science case through their higher spatial 
resolution will follow shortly. Spitzer and JWST are driving dramatic improvements and 
understanding in cryogenic space telescope technology, and the warm SOFIA telescope in particular 
promises to offer a testbed for new focal plane instrument concepts that would enable science on the 
much larger and cosmic background-limited SAFIR. Our baseline design concept for SAFIR 
resembles JWST in many respects, and the huge investments in that observatory pay off admirably in 
the technical understandability and credibility of SAFIR. In this sense, concept development of 
SAFIR is in lockstep with technical understanding gained by JWST implementation, and we expect 
this feed-forward to continue strongly. Finally, the legacy that all these missions will leave us with 
points directly to SAFIR as a natural next step for infrared astrophysics.  
 
Our team included a broad expertise in the science community allowing the mission concept to be 
optimally responsive to critical science goals and strategic needs. It included relevant engineering 
background from four NASA centers (GSFC, JPL, JSC, and MSFC) , harvesting expertise originating 
in  oversight from relevant missions such as Spitzer, Herschel, JWST, as well as human and robotic 
efforts tied to the President’s Exploration Initiative as well as NASA technology investments. The 
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close partnership with four major aerospace companies was particularly enabling for the study effort, 
allowing the study to benefit from state-of-art technology developments and capabilities. While minor 
funding was originally available to seed these partnerships, the SAFIR Vision Mission team notes 
that Ball Aerospace, Boeing, Lockheed Martin and Northrop Grumman gave the team commitment 
and contributions that greatly exceeded any such potential compensation. Much of the work of the 
academic science participants was done as community service.  
 
As a result of our study, we find SAFIR as a Vision Mission to be achievable in the short term. No 
technical obstacles were identified. The science drivers for SAFIR are strongly based on agency 
strategic goals, and the science capabilities extend far beyond previous generations of observatories in 
the infrared and submillimeter, as well as that of others being planned for both ground and space. 
Through it’s dependence on large cold optics in space, SAFIR can be a pathbreaking mission for even 
more ambitious efforts in the more distant future.  
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II. SAFIR – Key Objectives 
 
Background 
The Single Aperture Far Infrared (SAFIR) telescope facility is proposed as the next infrared great 
observatory, following the Spitzer Space Telescope (SST), the James Webb Space Telescope (JWST), 
as well as the Stratospheric Observatory for Infrared Astronomy (SOFIA) and Herschel, and building 
on their science. This telescope would target the critical far infrared and submillimeter spectrum 
between that covered by JWST and that accessible routinely from the ground, at sensitivity levels 
orders of magnitude higher than SST, Herschel, and SOFIA, and with spatial resolution far higher 
than that anything yet achieved in the far infrared. The far infrared part of the spectrum is the key to 
understanding the formation of stars and planets, and the development of prebiotic chemistry. It 
probes the spectral peaks of the earliest galaxies, star formation and chemical enrichment history of 
galaxies, offers clues to the structure and habitability of nearby solar systems, and provides spectral 
tracers of the chemistry of life in such solar systems that are now forming. This part of the spectrum 
is inaccessible from the surface of the Earth, because of atmospheric opacity, but is available in its 
entirety from space. Due to zodiacal emission and scattering at short wavelengths, and the cosmic 
microwave background radiation at long wavelengths, it provides the darkest skies accessible for 
pathbreaking research on the stellar and gaseous components of the universe. Of special significance 
to SAFIR is the dramatic technological improvements, both in sensitivity and format, that have been 
made in infrared sensors. The trajectory of these improvements point to fully background limited 
performance for both imaging and low- to moderate resolution spectroscopy in arrays that can fill a 
telescope focal plane. As such, SAFIR represents critical scientific need that addresses strategic 
science goals of the agency, met by new technology for detectors and telescope architecture that 
offers a clear path to achieve those scientific goals.  
 
The scientific importance of such a telescope has been codified in the 2000 Decadal Report of the 
National Research Council (“Astronomy and Astrophysics in the New Millenium”, National 
Academy Press 2001), where it appears on an investment priority list of missions to begin 
development in this decade. This priority is reflected in successive endorsements from strategic 
planning exercises within the agency.  
 
Technologically, SAFIR not only capitalizes strongly on the heritage from earlier missions, but also 
clearly points the way to much more ambitious missions. A notional mission plan for far infrared and 
submillimeter astrophysics has been developed by the community – “Community Plan for Far-
IR/Sub-mm Space Astronomy”1 and is reflected in Vision Mission and Origins Probe studies now 
being delivered to the agency. In the longest term, we are aware and cautiously optimistic about the 
potential value of the President’s Exploration Initiative to space astronomy. We have developed a 
baseline SAFIR as a fully autonomous mission that is, as JWST, a single-mission observatory. Yet 
the steep trajectory of focal plane instrument sophistication and capability, the lessons and benefits 
accrued from Hubble Space Telescope servicing, and the new human and robotic opportunities that 
could become available from the Exploration Initiative suggest that opportunities for servicing SAFIR 
could bring science value to the mission that is otherwise unachievable. Efforts to map out such an 
opportunity are ongoing, and are broadly summarized in this report (see Section XIV). The 
development of such opportunity is, by enabling science that could otherwise not be performed, very 
much in the interest of the science community. 
 

                                                
1 in New Concepts for Far-Infrared and Submillimeter Space Astronomy, D. Benford & D. Leisawitz, eds. 
(Washington, DC: NASA), NASA CP-2003-212233 --  http://safir.jpl.nasa.gov/documents/Community_Plan_printed.pdf 
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Notional Mission Assumptions  
While the detailed requirements for SAFIR are driven by the key science objectives that it would 
perform, these requirements are bounded by practicalities, economies, and natural limits. We thus 
begin with the notional mission for SAFIR as a 10 m-class filled aperture telescope operating in a 
diffraction-limited (1.22λ/D=0.5” at 20 µm)  mode between the JWST long wavelength limit and the 
ground-based submillimeter short wavelength limit, and photon limited on the celestial background at 
all wavelengths. The size of the telescope is chosen as one that can fit in an EELV using at least some 
JWST architecture heritage (see Section VI). The background-limited goal for SAFIR is a strong 
driver on the operating telescope temperature. The telescope would be equipped with diffraction-
limited wide field direct detection imagers, low-moderate resolution (R~102-3) direct detection 
spectrometers, and high resolution (R~106)  heterodyne spectrometers.  
 
Key Science Objectives 
Within these notional guidelines, the key science objectives for SAFIR may be stated.  
 
• Probe the earliest epochs of metal enrichment and see the galaxy-forming universe 

before metals. Understand the origin of dust grains in the universe. 
 
• Resolve the far infrared cosmic background - trace formation and evolution of 

starforming and active galaxies since the dawn of the universe, and measure the 
history of star formation. 

 
• Explore the connection between embedded nuclear black holes and their host 

galaxies. Understand the relationship of active nuclei to galaxy formation. 
 
• Track the chemistry of life. Follow prebiotic molecules, ices, and minerals from 

clouds to nascent solar systems.  
 
• Identify young solar systems from debris disk structure and map the birth of 

planetary systems from deep within obscuring envelopes. Assess the degree of 
bombardment they face, and the degree of habitability. 

 
These key science objectives are developed in detail in Section III below. In order to do this credibly, 
we provide a careful assessment of the performance goals for the notional SAFIR. 
 
Background-limited performance of SAFIR 
In this section, we develop the capabilities of the notional mission assumptions listed above. While 
the anticipated background-limited sensitivity of SAFIR is discussed in detail in Appendix B it is 
useful to review, at this point, our understanding of the cosmic background radiation, which 
establishes the sensitivity floor that  any mission could achieve. Our understanding of these 
backgrounds is due in large measure to COBE and ISO, and is being confirmed in detail with 
measurements from Spitzer. Figure II-1 below shows the three natural components of the uniform 
cosmic background over the range of wavelengths in which the notional SAFIR would operate. The 
strongest source of background at short wavelengths is zodiacal emission and galactic background 
emission. The data plotted are for the Lockman Hole, for which the galactic background is minimum 
and (since it is at an ecliptic latitude of 44°) the zodiacal emission is also fairly low. The SPOT 
extragalactic background is the mean background as established for Spitzer planning using 
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extrapolated ISO source statistics, and the CMB is represented by a 2.7° blackbody. The total 
background is also shown, as is the BLIP sensitivity that would be realized if these were the only 
noise sources. It is clear from this plot that the universe is remarkably dark in the far infrared, and 
SAFIR can be the first observatory to take full advantage of that. It is this low background that drives 
the design temperature of SAFIR. 
 

 
Figure II-1: The background radiation sources for SAFIR in the Lockman hole, which minimizes 
the galactic background emission. Cosmic background sources are shown superimposed on a 
telescope background scaled to e=0.05 at 4K. 

 

 

 
 
 
Figure II-2: The temperature dependence of the 
telescope thermal background is shown as a 
function of wavelength. The bold black line 
corresponds to a low-zodi (ecliptic pole) natural 
background limited sensitivity similar to the blue 
line in Figure II-1. This plot illustrates that 
telescope temperature is a strong capability driver 
for SAFIR.  

 
Figure II-3 below shows how the cosmic background-limited sensitivities at R=1000 for the notional 
SAFIR compare with other far infrared spectroscopy platforms both in use and in development. This 
figure is excerpted from Appendix B which provides details on SAFIR sensitivity calculations. In 
order to achieve background limited performance, we assume a detector sensitivity of ~10-21 W-Hz1/2, 
which is a factor of ten better than that achievable now. We believe that higher sensitivity is 
realizable with appropriate technology investment, and this is discussed in Section XV. With such 
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optimal detectors, SAFIR would be 3-4 orders of magnitude more sensitive than other infrared 
observatories, with comparable sensitivity to ALMA for point source spectroscopy at the longest 
wavelengths. (Even with current detectors, SAFIR would still vastly outperform other observatories.) 
The rough consistency of spectral line sensitivity of SAFIR in the mid- and far-infrared with ALMA 
and other ground-based assets (JCMT and LMT) at millimeter wavelengths, and (just off the left edge 
of Figure II-3) with JWST at shorter wavelengths, makes SAFIR an ideal spectroscopic complement 
to these two observatories, which represent major national investments. 
 

 
Figure II-3: Sensitivity of far-IR spectroscopy platforms now in operation or construction, 
including SAFIR, as excerpted from Appendix B. The SAFIR curve is calculated based on photon 
noise from the backgrounds, assuming a 10 m telescope with 75% aperture efficiency and 25% 
total instrument transmission in a single polarization,  a factor of two degradation for chopping. As 
a guide to the science capability, overplotted are spectral line intensities from a 1012Lo ULIRG at 
various redshifts assuming a fractional line intensity of 10-3 and the current cosmological model 
(Ωvac= 0.73, Ωmat = 0.27, H0= 71). 

 
At lower spectral resolution, such as for broad-band imaging applications, the background continuum 
puts significant power on the detectors, and dominates the noise. In this limit the detailed spatial 
structure of the background becomes much more important in understanding sensitivity limits. For 
CMB and zodiacal emission, the background is relatively smooth on these spatial scales, but the 
extragalactic background, which is dominated by distant galaxies, is not.  This is highly relevant to 
SAFIR which, with spatial resolution of  several arcseconds at the peak emission of galaxies, 
becomes strongly confusion limited with its high sensitivity. As discussed above, such confusion 
limits are strongly mitigated by increasing spatial resolution which is, for imaging, a driver for 
interferometry. Figure II-4 illustrates this. 
 
The confusion limits lead to a modified sensitivity plot for SAFIR in broadband, and this is shown in 
Figure II-5. This figure shows how while at wavelength less then 100 µm, the sensitivity of SAFIR 
for broadband imaging is limited by the smooth zodiacal background, at longer wavelengths it is 
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limited by confusion from extragalactic sources, and the point source  sensitivity from large 
interferometers with much higher spatial resolution is much higher. These factors help bound the 
science goals of the mission. 
 

 
 

Fig. II-4: An approximate measure of the 1s confusion noise as a function of both observing 
frequency and angular scale through the infrared (Blain et al., 2002 Physics Reports, 369, 111). 
Contributions from extragalactic and Galactic sources are shown in the left and right panels, 
respectively. The bands and beamsizes of existing and future experiments are shown, including : 
diamonds—Herschel; crosses—Spitzer.  With beamsizes of order 1-10”, SAFIR is the bold red 
line in the lower right corner of these plots. Confusion from extragalactic sources is expected to 
generally dominate over that from the Milky Way ISM. 

 

 

 
 

Figure II-5: Sensitivity to point sources in 
the continuum for SAFIR is compared to 
other far-IR platforms. This figure is 
extracted from Appendix B. Calculations for 
SAFIR assume aperture efficiency of 75%, a 
50% throughput camera, and 4 diffraction-
limited pixels coupling both polarizations 
are used to extract the source flux. The 
heavy red line is the SAFIR sensitivity set 
by the smooth CMB and zodi background, 
and can be considered the raw sensitivity in 
between extragalactic sources. The thin red 
line is the sensitivity limit from extragalactic 
confusion. Confusion limits are taken to be 
10x the flux density at which there is one 
source/beam according to Blain et al. (see 
above). Upward arrows imply a platform 
which is confusion limited in <1 hr. 
Overplotted for reference (dashed black 
curves) are redshifted dusty galaxy SEDs 
appropriate for a 1011 L0  galaxy.  
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III. SAFIR Science Rationale 
 
In this section of the report we develop selected elements of the SAFIR science case, expanding on 
many of the key science objectives summarized in Section II. We note that as of the date of 
completion of this Study Report, the results from the Spitzer Space Telescope are just beginning to be 
digested. It can be assumed that for at least the short wavelength parts of the SAFIR science case, 
Spitzer will not only help focus our strategic science goals further, but develop entirely new lines of 
research that SAFIR can attack. As a result, our team would like to emphasize the importance to 
NASA of near-term updates to the science case for SAFIR based on discoveries coming out of 
Spitzer. 
 
Distant Universe 
 
Background 
The search for the origins of galaxies is a pursuit that is fundamental to our quest to understand the 
Universe around us. The search requires the most comprehensive range of observations, at all 
accessible wavelengths. In particular, it is essential to make observations at wavelengths where only 
relatively shallow coverage has been obtained at present. One wavelength range that has been lightly 
covered to date is in the mid- and far-infrared. At these wavelengths galaxies emit powerful thermal 
continuum radiation from their warm and cool interstellar dust grains, the small solid particles that 
absorb optical and ultraviolet light from stars and active galactic nuclei. There are also a wide range 
of transition lines from atomic and molecular gas that also appear at these wavelengths, including 
emission from large molecules/small dust grains - the polycyclic aromatic hydrocarbons (PAHs). 
These lines can trace the physical conditions in optically thick regions of galaxies that are impossible 
to probe in other ways, and which can carry information about the way in which stars form directly in 
their nurseries. Similarly, continuum and line emission from the central regions of active galactic 
nuclei (AGNs) appear at mid-IR wavelengths, carrying information about the fueling and growth of 
their black holes. 
 
Dust influences the appearance of galaxies at optical wavelengths both by preferentially absorbing 
blue light to redden the galaxies, and by making some of the most active regions difficult to identify 
at all at these wavelengths. Even where the effects of dust can be recognized in optical and near-IR 
images, it is almost impossible to quantify the total amount of energy absorbed and re-emitted by the 
dust based on this short-wavelength data, without making direct observations in the far-IR.  
 
The importance of dust emission as a process for revealing and controlling the evolution of galaxies is 
clear when viewed galaxy by galaxy, including the star-forming regions within the Milky Way, and 
from the beautiful images that Spitzer has provided of nearby galaxies. These images reveal regions 
of the galaxies that are radically different from those highlighted in optical images. The same 
disparity appears to be reflected in the properties of more distant galaxies with less significant 
detections and less impressive spatial resolution in the images. Additionally, the intensity of the 
background radiation at far-infrared wavelengths emitted by galaxies across the whole sky and at all 
distances was revealed by the COBE satellite (see Figure III-1). This background spectrum, due to the 
sum of the emission from all galaxies over cosmic history, consists of a broad spectral peak from dust 
emission that lies at 200 µm and is matched in energy content with the background radiation intensity 
that has been measured very accurately at optical and near-infrared wavelengths. This reveals directly 
that dust remains an important energetic factor in the Universe out to the highest redshifts, and has 
reprocessed about half of all the energy released over the history of the Universe.  
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In contrast with the shorter-wavelength component of the background radiation intensity, at least half 
of which has been identified with known faint galaxies detected in the deepest HST images, much 
less is known about the details of which galaxies generate the background radiation seen at far-IR 
wavelengths. A large-aperture very-sensitive telescope operating at far-infrared wavelengths is 
essential to provide deeper and more detailed images of the galaxies that are responsible. Without this 
capability we will remain largely ignorant of the origin of about half of the energy that has been 
emitted by galaxies, as they formed their stars, and especially about the growth of black holes deep in 
their nuclei.  
 

 
 

Figure III-1: A composite background radiation spectrum from radio to UV wavelengths. Lower 
limits are derived from existing far-IR and submillimeter observations from Spitzer and ground-
based telescopes (Blain et al. 2002; Physics Reports, 369, 111), updated for recent Spitzer results. 
The realm of SAFIR is the least-well constrained region of this diagram from 30-500 µm, where 
the background is strong, but uncertain. The units correspond to equal radiation intensity in equal 
logarithmic frequency intervals.  

 
SAFIR will provide a whole new class of capabilities to probe the evolution of the Universe at these 
wavelengths, penetrating deep into the most active regions of the galaxies that are currently known, 
and identifying galaxies that are far too faint to have been detected by any previous infrared facility. 
 
Space IR telescopes and the Distant Universe 
Atmospheric absorption and emission prevent mid- and far-IR observations from the ground. Until 
the advent of sensitive space-based telescopes there were only hints of the appearance of the dust-
enshrouded Universe. The InfraRed Astronomy Satellite (IRAS) in 1984 revealed the first key details 
of the infrared Universe, providing an all-sky image that remains the baseline for infrared 
astrophysics. IRAS revealed that the relative energy outputs of galaxies at far-infrared and optical 
wavelengths were comparable in size, with far-infrared emission being an important contributor in 
most situations. Moreover, IRAS identified a new class of Ultraluminous Infrared Galaxies (ULIGs) 
with luminosities that extended up to the most luminous known objects, and which emitted up to 99% 
of their energy in the far-infrared. Interacting galaxies in the low-redshift Universe were found to 
often be the hosts of ULIGs, and rare but important examples were found out to redshifts as high as 
z=3.8. The study of the counterparts of these ULIGs out to high redshifts shows that they represent an 
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important part of the picture of galaxy formation, and are probably associated with the formation of 
the bulge and elliptical components of the stellar content of galaxies. It was clear from IRAS that the 
population of far-infrared-selected galaxies undergoes very strong evolution, and that the first half of 
the Universe's history was much more intense at far-infrared wavelengths than at present.  
 

 
 

Figure III-2: A compilation of currently known estimates of the rate at which stars formed in the 
Universe. Small points reflect results from unobscured activity visible at ultraviolet, optical and 
near-IR wavelengths, large lower limits show the amount of activity so far associated with dust-
enshrouded galaxies with redshifts found in submillimeter-wave ground-based surveys with the 
resolution of SAFIR (Chapman et al. 2005; ApJ, 622, 772). The thick lines represent the inferred 
best-fitting form of evolution of dust-enshrouded galaxies, incorporating the whole population, 
including galaxies without known redshifts. SAFIR will image much less luminous galaxies, both 
to establish the connections between the far-IR and optically visible galaxy populations, including 
a direct measurement of the reprocessed energy appearing from optical galaxies at far-IR 
wavelengths, and to identify the sources of a much larger fraction of the inferred total luminosity, 
providing an excellent census of the energy emitted by galaxies over the Universe’s history.  

 
Subsequent space missions have established more details of the strong evolution of galaxies at SAFIR 
wavelengths, and added the ability to probe details of their spectroscopic properties, providing ways 
to distinguish between powerful sources of radiation generated by stellar nuclear burning or the 
gravitational energy released by accreting material onto a black hole in a galaxy's nucleus. The 
Spitzer Space Telescope, in orbit since 2003 is the current revolutionary facility, providing 
spectroscopic and imaging capabilities that are far in excess of the earlier missions, including the 
Infrared Space Observatory (ISO) that enabled the first space-borne mid-IR and far-IR spectroscopy.  
 
Forthcoming surveys at far-IR wavelengths from the Japanese ASTRO-F/IRIS mission, and at mid-IR 
wavelengths from the NASA MIDEX mission WISE should yield an atlas of galaxies across the 
whole sky that is complete down to levels between 100 and 1000 times fainter than IRAS reached. 
Amongst the tens of millions of galaxies that these missions detect, SAFIR will be able to reveal the 
internal structures, and detailed spectral properties of a sample of these galaxies. This will allow us to 
understand both their full range of properties and power sources, and provide the means to identify 
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the most extreme and unusual examples that are likely to illuminate the properties of the wider 
population.  
 
Very Deep Imaging in the Far Infrared and Submillimeter 
By making the deepest possible images of the sky at mid-IR wavelengths, subject to its modest 
aperture, Spitzer is revealing the properties of dust-enshrouded galaxies, and elucidating their 
relationship to the existing faint samples of optically selected galaxies out to redshifts z~1-2. The 
ultradeep GOODS project is leading the way. Note however that Spitzer's capabilities to probe the 
evolution of galaxies is strictly limited at these redshifts by its 0.85-m aperture that imposes a best-
possible resolution of several arcseconds. Not only does this prevent Spitzer from revealing the 
internal structure of distant galaxies that it can readily detected, but moreover, the images of fainter 
individually undetected galaxies in its field of view merge together to provide the dominant source of 
noise in the observations. This effect is “confusion noise”, which dogged the development of radio 
and X-ray astronomy, and which prevents the detectors flying on Spitzer from achieving their full 
capability. Reasonable estimates of the limits to observations using Spitzer are now established based 
on its in-orbit performance: the maximum depths of its images at observing wavelengths of 24, 70 
and 160 µm are about 0.1, 4 and 50 mJy respectively (Dole et al. 2004 ApJ Supp, 154, 93). The 
luminosities associated with these flux densities mean that Spitzer can detect the less luminous 
ULIGs only out to z=1, and so a much larger aperture is required to detect typical high-redshift 
galaxies, and thus to identify the origin of the majority of the diffuse background radiation. Confusion 
also limits the range of properties of the discrete galaxies that can be studied in detail. In order to 
identify galaxies in the far-infrared that have already been studied at optical wavelengths, with 
luminosities of order 1011Lo and flux densities of order a few 100 µJy at 200 µm that are expected to 
lie at redshifts z~2-5, the confusion-beating resolution of a 10 m-class aperture is required at mid- and 
far-infrared wavelengths.  
 
SAFIR will combine excellent spatial resolution with great sensitivity. At imaging sensitivities of 
several 10s of µJy, SAFIR should be able to detect a 5×1012Lo ultraluminous infrared galaxy (ULIG) 
out to redshift z~7, and a 5×1010Lo galaxy similar to the Milky Way out to z~3-4. This will enable the 
most extreme galaxies to be detected back to the epoch of re-ionization, and probe typical galaxies 
out beyond the most intense epoch of galaxy formation.  
 
 

 
 

Figure III-3: Some of the deepest 
multiwavelength observations of the sky 
ever taken, which combine X-ray (Chandra), 
optical (Hubble) and infrared (Spitzer) data 
in 30” wide fields. The X-ray data highlights 
the presence of two AGN, impossible to 
detect or at least very difficult to identify in 
the ultradeep optical image. The infrared 
image from the Spitzer IRAC camera 
reveals a readily detectable, red counterpart. 
Note that the resolution of SAFIR will be 
comparable to Spitzer, at wavelengths that 
are several times longer, allowing Spitzer to 
define the shape of the spectral energy 
distribution (SED) at the peak. 
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The resolving power of SAFIR will also make it a very valuable observatory for studying the far-
infrared properties of all the galaxies identified using existing methods, either at X-ray, optical, radio 
or near-infrared wavelengths. This includes reaching the sensitivity levels necessary to detect the 
typical galaxies that are found at high redshifts in the large samples compiled from optical multicolor 
surveys, and the reddest and most extreme evolved galaxies and AGN in near-infrared surveys. By 
measuring colors for the detected galaxies, SAFIR should be able to readily determine the relative 
amounts of hot and cold dust present, which if hot dust is prevalent, is likely a sign of AGN activity 
(see Figure III-3). For galaxies out to moderate redshifts (z~0.2-0.5), the resolution of SAFIR can also 
be used to identify hot emission associated with the nucleus of a galaxy in contrast with cooler 
emission from the surrounding disk and bulge. This has never been possible for all but the most 
nearby galaxies at far-infrared wavelengths, and no planned facilities will be able to make these 
observations.  
 
The detection of hard X-ray sources with Chandra, XMM-Newton and future X-ray facilities can 
highlight distant AGN, deeply obscured by gas and dust. SAFIR can provide a powerful probe of the 
astrophysics of these galaxies, in which the supermassive black holes found in galaxies today are 
growing by both detecting hot dust continuum emission, both by detecting high-excitation spectral 
lines, and absorption features (see below), and by tracing their SED accurately to assess the total 
luminosity of the black hole. By comparing spectral features typical of star-formation and AGN 
activity, the relative contribution of these important processes in distant galaxies can be quantified.  
 
Both to probe inside the sub-arcsec scale structures of high-redshift galaxies, and to ensure that we 
can continue to probe to ever fainter galaxies in which the bulk of the star-formation and black hole 
growth in the Universe took place, immune from the effects of confusion noise, a much larger 
aperture far-IR facility is required than available at present. The specifications of SAFIR are set to 
achieve these twin goals.  
 
Spectroscopic Probes of the Early Universe  
Confusion noise is less of a concern for spectroscopic observations, as the spectral dispersion adds 
additional effective resolving power. However, in order to probe the distribution of spectral properties 
from place to place in a distant galaxy, resolution of order 1 arcsec is required. SAFIR can provide 
this resolution at wavelengths as long as 50 µm. 
 

 

 
 
Figure III-4: The power of infrared 
observations to highlight active regions of 
galaxies hard to pinpoint in restframe optical 
images due to dust obscuration. From high 
redshifts, the 3-8 µm infrared pictures from 
Spitzer correspond to short wavelengths 
probed by SAFIR. The infrared image 
highlights both the emission from the central 
AGN present, and dust-enshrouded star 
formation in the Western region of the 
image.

 
Less affected by confusion noise, but benefiting from excellent spatial resolution, spectroscopy of 
PAH emission features, Si-grain absorption features and highly excited Ar and Ne lines in the cores 
of AGN, cooling lines from rotational-vibrational excitations of molecular hydrogen, fine-structure 
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lines in C, O, N and S from photodissociation regions in molecular clouds are all open to 
investigation using SAFIR. Spitzer is revealing some of the details of these sources at modest 
resolutions and shorter wavelengths (see Figure III-5), but for distant objects integrations of many 
hours are required to detect even the most luminous galaxies. A much larger facility, with a cold 
aperture, would allow much more rapid progress to be made.  
 
The presence of detectable spectral features in Spitzer observations does confirm that far-IR 
spectroscopy of galaxies at greater redshifts could provide both redshift determinations, and 
astrophysical diagnostics. In particular, redshifts could be determined for strongly obscured, very red 
objects which do not lend themselves to spectroscopy at near-IR or optical wavelengths. For almost 
all classes of galaxies at all redshifts, the availability of sensitive mid-IR spectra to reveal the 
conditions in the most-heavily obscured regions, where star-formation or nuclear activity is taking 
place would provide an unparalleled direct probe of the process of galaxy formation and evolution. 
 
Although the possible power of far-IR spectroscopy is appreciated for studies of galaxy evolution, its 
execution has not yet become routine. With a warm aperture, the Herschel Space Observatory (HSO) 
is better suited to high-resolution spectroscopy of Galactic targets, while the proposed Japanese 
mission SPICA is a useful stepping stone between the performance of Spitzer and the promise of 
SAFIR. The 10-21 Wm-2 sensitivity of SAFIR is sufficient to rapidly detect many fine structure lines 
from a typical galaxies at z=2, and will allow SAFIR to detect [CII] emission from galaxies with 
luminosities as small as 0.01L*. As a result, SAFIR can probe deep into the luminosity function of 
distant galaxies in the [CII] line, providing an excellent sampling of the physical state of the 
interstellar gas at specific cosmic times. Probing a series of fine-structure lines in carefully chosen 
galaxies with similar luminosities but different redshifts could allow changes in the metallicity and 
state of the interstellar gas to be studied in detail, galaxy by galaxy over the greatest part of the 
Universe's history from z=1 to beyond 3. The unique access to the complete far-IR wavelength range 
provided by a space-borne telescope makes these investigations unique for SAFIR.  
 
JWST will have the capability of viewing rest-near-IR features of the galaxies that SAFIR will aim to 
probe at longer wavelengths. By extending its coverage to longer wavelengths, SAFIR gains access to 
a new suite of unique and complimentary spectral features, providing great leverage to understand the 
interplay between gravity and feedback from young stars that regulates the development of stellar 
populations in galaxies. 
 
SAFIR has uniquely high resolution and sensitivity for making observations of high-redshift spectral 
lines. Its capabilities provide a natural bridge between those of JWST and ground-based ALMA, 
spanning the most luminous spectral regions of galaxies.  
 
Transient sources, supernovae and gamma-ray bursts may generate detectable features as they shock 
and disturb the ISM of their host galaxies. The resulting line emission could be detected by SAFIR, 
perhaps out to the highest redshifts at which the most massive stars form from almost primordial gas. 
The absorption spectrum from high-redshift gamma-ray bursts could provide the best way to trace the 
evolution of the cool interstellar medium in galaxies, highlighted against the bright emission of the 
burst. With the capability to highlight absorption features in molecular hydrogen gas out to very high 
redshifts, SAFIR can probe the epoch of the first star formation.  
 
Seeking large-scale structure 
In order to probe the way in which galaxies evolved, it is essential to put their growth and 
development in the context of their environment: proximity to neighbors, and the overall density of 
nearby galaxies. By enabling surveys to extend in distance well into the high-redshift Universe to 
 



 

SAFIR Vision Mission 14   6-2005 
 

 
 
 

      
 

Figure III-5: 2 Spitzer Spectra: The Spitzer IRS spectrograph has started to reveal details of the 
mid-IR spectra that SAFIR will be able to probe from high-redshift galaxies. This figure shows 
examples of current spectra, for the typical star-forming galaxy NGC7714 (left: Brandl et al. 2004, 
ApJS, 154, 188), and for three AGN with different degrees of obscuration (right; Spoon et al. 
2004, ApJS, 154, 184): the gray curve shows the deeply enshrouded local AGN NGC4418, the red 
curve shows the ULIG IRAS F00183-7111 at z=0.327, and the blue curve shows the featureless 
spectrum of the nucleus of the lightly-obscured source NGC1068. The deep silicate absorption 
feature that SAFIR can detect out to extremely high redshifts, and the presence of emission lines 
both provide information about the AGN properties.  

 
reveal populations of galaxies when their typical age was much less than at the present, and by 
covering wide fields that fully sample the 100 Mpc (comoving) or about 1º scales in the distant 
Universe on which the largest detected structures have developed, SAFIR can provide a rich sampling 
of the full range of galaxy properties from the earliest times until they reach maturity.  
 
SAFIR will provide a map of the Universe that traces out to the farthest objects, and which covers a 
large enough breadth of field to keep track of the full range of cosmic structures that have formed.  
 
The earliest Universe 
Observations of the cosmic microwave background radiation imply that the intergalactic medium 
(IGM), the gas between galaxies was re-ionized by the energy released by stars and galaxies at very 
early times. However, our view of the possible sources of this energy at optical and near-infrared 
wavelengths is unavoidably clouded by the small fraction of neutral gas that is know to remain at 
z>6.4 from the spectra of distant QSOs. In the intermediate redshift range the first stars, galaxies and 
AGN form, and generate the energy required to ionize the IGM, thus ending the “dark ages” of the 
Universe's history. By probing the first objects to pollute their environment with metals, and perhaps 
to cool out of molecular hydrogen clouds, SAFIR will directly address the birth of the first generation 
of cosmic structures. In concert with JWST, but potentially probing even further out into the early 
Universe, SAFIR will access the starlight now redshifted longwards of 24 µm, and probe the dust-
enshrouded regions surrounding the ashes of the first supernovae. SAFIR can search freely within the 
wide range of possible space to find the first phases of galaxy formation at 6<z<20.  
 
Active Nuclei in Dusty Primordial Galaxies 
By virtue of its large, cooled mirror and high-resolution spectroscopic capabilities, SAFIR promises 
to deliver huge advances in our understanding of the dynamics and energetics of dusty galaxies both 
at low and high redshift. These advances will be driven by the great increases in spatial resolution, 
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sensitivity, and long-wavelength coverage afforded by SAFIR over existing (Spitzer) or planned 
(Herschel) infrared, space-based observatories.  
 
The highest luminosity, dustiest galaxies are often powered by a mix of thermal (star-formation) and 
non-thermal (AGN) sources. Determining the fractional contribution of each source to the bolometric 
energy budget in a particular galaxy is extremely difficult, even at low redshift where we have the 
best S/N and highest possible spatial resolution. It is nearly impossible for sources with z > 2, even 
with Spitzer. Spatially, the AGN is always unresolved while the starburst is usually extended over 
many Kpc. Spectrally, the AGN and starburst have very different signatures – strong high-ionization 
fine structure lines dominate the former, while low-ionization fine structure lines and broad dust 
emission features (e.g. PAH) dominate the latter (see Figure III-6) Silicate absorption can be present 
in both. SAFIR, by combining high spatial resolution with greatly increased spectroscopic sensitivity 
(both being 1-2 orders of magnitude better than Spitzer) will allow us for the first time to separate 
nuclear from star-forming, disk emission in z < 1 galaxies in the mid and far-infrared, and determine 
the relative importance of AGN and starbursts for the total energy budgets. Understanding these low-
redshift templates is critical for cosmological studies. 
 

 
Figure III-6: The Spitzer IRS spectrograph shows the richness of atomic and molecular lines in a 

typical nearby galactic nucleus that SAFIR will see redshifted in ULIGS. 
 
The sensitivity and long-wavelength coverage of SAFIR will allow us to apply what we learn at low-
redshift, to studies of ULIGs at redshifts of z=3 and beyond. SAFIR will be the first observatory 
capable of obtaining useful infrared spectra of galaxies at these redshifts (well beyond even extremely 
long integrations with the IRS on Spitzer), separating AGN from starbursts, and tallying up the 
contributions of these sources to the far-infrared background light. For z > 3, the critical mid-infrared 
spectral diagnostics ([NeV], [NeVI], [OIV], [SIV]) all move out of range of the IRS on Spitzer (λ > 
35 µm) and into the far-infrared. The sesnsitivity of the IRS also limits high-resolution (R=700) 
studies of these features essentially to z < 2 for all but the brightest sources. Therefore, even after we 
complete the Spitzer mission, we will have little or no knowledge of the ionization state of the ISM in 
high-redshift galaxies. Our understanding of the power sources and energetics of high-redshift ULIGs 
will rest entirely on our ability to fit low-resolution (R=80), low S/N IRS spectra, with local 
templates. SAFIR would provide a true breakthrough in the study of these distant galaxies, since we 
would finally be able to measure the state of the gas and the dust and piece-together the evolutionary 
state of ULIGs at z > 3. 
 
There is one important, yet often overlooked, way in which SAFIR’s sensitivity and long-wavelength 
coverage will provide a breakthrough in our understanding of the true nature of the rapidly evolving 
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population of dusty galaxies at z > 1. The IRAC and MIPS cameras on Spitzer will (and are) 
generating large samples of luminous galaxies with z > 1. We will only be able to obtain IRS spectra 
of significant numbers of the brightest of these galaxies, i.e. those with 24 µm flux densities greater 
than about 0.3 mJy, since each will take many hours of integration with Spitzer. Since the IRS 
wavelength range is limited at the long end to about 35µm, this means that any flux-limited 
spectroscopic sample will be biased towards galaxies with strong mid-infrared continua, namely AGN 
with large quantities of hot dust. Therefore, many of the spectroscopic samples that are built up with 
the IRS will give us a skewed picture of the relative importance of AGN to the evolution of dusty 
galaxies at the critical epochs when this evolution is strongest and the contribution to the far-infrared 
background is largest. We will be able to circumvent some of this built-in bias by carefully examining 
certain redshift intervals where the PAH features fall, and thus where starburst galaxies shine brightly 
and dominate the counts. However, with the limited spectral coverage and sensitivity of the IRS, we 
will find a great deal of AGN-like ULIGs at high redshift. With SAFIR, we will be able to completely 
remove this bias, and alter our perception of these dusty galaxies. Not only we will measure ULIGs, 
but we will obtain diagnostic spectra of less luminous, dust-enshrouded galaxies that dominate the 
number counts, and whose SEDs peak at longer wavelengths because the dust is cooler than around 
an AGN. Although great strides are being made with Spitzer, we will not be able to put together an 
accurate picture of the relative numbers of AGN and starburst galaxies at high redshift without 
SAFIR, and our detailed knowledge of the dusty Universe will be limited. 
 
Complementarity with Other Extragalactic Facilities 
From the ground, the long-wavelength tail of thermal emission from dust-enshrouded high-redshift 
galaxies can be detected, and imaged, while molecular line emission can be probed. Space facilities 
are however essential in order to trace the properties of these galaxies' emission at the most intense 
wavelengths, and to survey spectra that cover significant expanses of wavelength, not just restricted 
to those wavelengths that can penetrate even the upper atmosphere.  
 
A key opportunity from the ground, based on current technologies, is better spatial resolution (see 
Figure III- 7), owing to much larger apertures than have been flown. Mountain-top sites with 10, 15 
and 30 m telescopes have identified a population of very luminous galaxies that are analogous to the 
ULIGs, and found mostly at z>2. These galaxies can be detected by the 0.85 m aperture Spitzer at 24 
µm, but their internal details cannot be resolved, and so it is difficult to trace out the details of their 
power sources and define their true luminosities well. They are also not detected around the peak of 
their SEDs at wavelengths ~200 µm, and so the range of their properties are not well sampled. There 
is sure to be a wide and interesting range of high-redshift galaxies to detect using SAFIR.  
 

 

 
Figure III-7: A multicolor picture combining a 
Palomar 200-inch image of the core of the cluster 
A1835, with white contours showing detections of 
background galaxies using the SCUBA instrument 
at 850 µm. The brightest background sources are 
at redshifts z=2.55 and z=2.9. The resolution of 
the 15 m JCMT is coarser than expected for 
SAFIR at shorter wavelengths. The lack of 
overlap between optical and submillimeter 
sources shows the importance of combining far-
IR and optical/near-IR views (Ivison et al. 2000; 
MNRAS; 315, 209). 
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Future wide-field mapping instruments imaging the sky at submillimeter wavelengths from ground-
based telescopes with arcsec resolution and arcminute fields of view, and the ALMA interferometer 
with its exquisite 0.01 arcsec resolution will also face these problems. A complementary space-borne 
capability to probe all available wavelengths, and to reach the peak of the emission spectrum at 
moderate redshifts is essential for understanding the place of far-infrared emitting galaxies in the full 
scheme of galaxy evolution. SAFIR will provide several measurements of the SED of the galaxy, 
allowing an accurate distribution of dust temperatures to be derived, and thus perhaps a reasonably 
accurate photometric redshift to allow the galaxies to be prioritized for future study.  
 
However, there is excellent synergy with ALMA and future powerful ground-based facilities. 
Identified as the highest priority for ground-based astronomy during the last decadal review, ALMA 
will be capable of tracing out the detailed mass distributions within galaxies identified by SAFIR, 
from molecular line spectroscopy, while SAFIR has unique access to line tracers of AGN activity and 
metallicity in the galaxy.  
 
A uniquely large, cold aperture allows SAFIR to probe deeper than any other facility. Its wavelength 
range complements that of JWST, and SAFIR is able to trace the invisible and enshrouded fraction of 
the energy escaping from distant galaxies that JWST can probe from the emission of starlight, and 
from the hottest fraction of dust particles. By fully accounting for the fraction of energy absorbed by 
dust SAFIR will put the cosmological discoveries of HST and JWST in context. In the meantime, 
Spitzer, Herschel, ASTRO-F and SPICA will add to our knowledge of the dust-enshrouded Universe; 
however, in order to probe the faintest, most distant, most typical galaxies, the resolving power and 
imaging speed of SAFIR, equipped with wide-field imaging and spectroscopy detector arrays will be 
required. The raw power of the 10 m aperture is robust against future discoveries: the most exciting 
results from Spizter and Herschel demand SAFIR in order to understand the details and consequences 
of their view.  
 
 
 
 
Activity in Nearby Galaxies 
 
Unification Schemes for Active Galaxies 
 
The vast majority of galaxies in the observable universe are “normal” in that they generate most of 
their energy by nuclear fusion in the cores of stars. Those galaxies for which a significant fraction of 
their energy is not generated by stars are called “active galaxies”. These galaxies can have 
luminosities in excess of 1013.5Lo, coming from engines of physical size less than 1 pc – the 
luminosity of a thousand galaxies generated in a space typical of the distance between stars. These 
active galactic nuclei (AGN) have a large number of subclasses, but there exists a single “Unified 
Model” for what makes up the broad Seyfert 1 and 2 classes of AGN. Seyfert 1 galaxies have very 
broad (up to 10,000 km s-1) permitted optical emission lines, and narrow forbidden lines, while 
Seyfert 2 galaxies have both sets of lines, but they are both relatively narrow (< 1000 km s-1). These 
two major AGN classes are unified by positing that energy is derived in both cases by accretion onto 
a supermassive black hole, surrounded by an accretion disk which is fed by a circumnuclear torus, or 
the tidal disruption of a nuclear star cluster. (Figures III-8 and III-9) The broad lines are thought to 
arise from modest amounts of ionized gas within 1 pc of the black hole, and heated by the very hot 
accretion disk. The narrow lines are thought to come from more massive clouds at 10 to 1000 pc from 
the nucleus. The difference between Seyfert 1 and Seyfert 2 galaxies is thus the result of viewing 
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geometry. Seyfert 1 galaxies are viewed face on so that the broad line region is exposed, while 
Seyfert 2 galaxies are viewed edge-on so that the broad line region is obscured by the torus. 
 
 

 
 
Figure III-: Artist’s conception of the doughnut-shaped torus that confines the emission from an 
active nucleus. (Credit ESA.) 

 
 
SAFIR provides a unique opportunity to investigate active galaxies and the unification models using 
the wide variety of far-IR/submillimeter spectral lines as probes. These investigations target specific 
aspects of the AGN. 
 
The Engine: There is a variety of lines in the far-infrared (e.g. neon sequence, [OIII] and [OIV]) that 
directly sample the hardness of the radiation fields from the central engine. Particularly useful are 
lines from different ionization states within an element, e.g. [NeII] (12.8 µm), [NeIII] (15.6 and 36.0 
µm), [NeV] (24.3 µm), or [OIII] (51.8 and 88.4 µm) and [OIV] (25.9 µm), as within a species gas 
phase abundance effects divide out. Intra-element ionization tests are also effect with moderate 
caveats on assumed elemental abundance ratios.  
 
Unification: Detection of the high ionization lines in the nuclei of Seyfert II galaxies would confirm 
that the broad line region of Seyfert II’s is obscured by foreground material (the confining torus). It is 
particularly important that the resolving power (λ/Δλ > 1000) be sufficient to discern the high 
velocity wings expected in these lines. Kinematic structure in the centers of galaxies is an important 
driver for the spectral resolution capabilities of SAFIR instrumentation. 
 
The Torus: The confining torus is also detectable in both the dust continuum and in its submillimeter 
and far-IR line emission, particularly in the rotational lines of CO, H2, and H2O and the fine structure 
lines of [OI]. Particularly exciting are predictions that very high J CO line emission is detectable from 
the highly excited molecular torus (Krolik and Lepp 1989 ApJ 347, 179). Such highly excited line 
emission will be a clear signal for the presence of a confining torus.  
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Figure III-9: HST/WFPC2 mage of the active nucleus NGC 4261. NGC 4261 is an elliptical 
galaxy with radio jets extending at least 25 kpc from the nucleus (left image). These jets are 
launched from regions near a supermassive black hole (at the bright spot in the center of the right 
image), which is likely fed by a 50 pc radius ring of gas and dust (the doughnut). SAFIR would be 
able to image this ring, discerning its physical properties and the ionization parameter of the AGN 
at 30 pc spatial resolution. Credit: NASA/HST /WFPC2 

 
Detecting CO Cooling Lines from the Torus 
Krolic and Lepp have modeled the heating and cooling within a pc scale molecular torus enveloping 
an AGN. The torus is found to be both very warm (1000 K), and very dense (~ 107 cm-3) so that the 
dominant gas cooling lines are the high – J rotational lines of CO. Remarkably, the emission is 
predicted to peak in the J ~ 58 → 57 (48 µm) line. Quantitatively, if the ring is exposed to an X-ray 
source who’s ionizing luminosity in units of 1044 ergs s-1 is LX44, and a fraction, fabs of this flux is 
absorbed, then the expected line luminosity is: L58→57 ~ 7 × 1040 fabs LX44 ergs s-1, L17→16 ~ 2 × 1039 fabs 
LX44, and L7→6 ~ 1 × 1038 fabs LX44 ergs s-1, in the CO J=58→57, 17→16, and 7→6 lines respectively. A 
standard source at 100 Mpc has line fluxes of 6 × 10-18, 2 ×10-19, and 8 × 10-21 W m-2 in the three lines 
respectively assuming fabs ~ 10%. The lines are detectable with SNR ~ 3000, 100, and 4, respectively 
in 5 minutes of integration time with an R ~ 2000 grating spectrometer on SAFIR.  
 
Comparing active galaxies with with superstarbursts 
No high-J CO lines have been observed from external galaxies. However, the mid-J lines have been 
observed from several starburst nuclei, and there brightness demonstrates that while the molecular gas 
is very warm and dense, it is far lower excitation than that predicted in the Krolik and Lepp model. 
Therefore, when comparing emission from a starburst to the torus, the higher the J, the more the torus 
stands out. As a benchmark, we use the CO rotational model for the nearby starburst nucleus of NGC 
253 (Lfar-IR~ 2 × 1010 Lo), which is constrained by its observed mid-J (7→6) line emission, and scale 
this to a 1012 Lo starburst (Bradford et al. 2003, ApJ 586, 89 Figure III-10). For this case, L58→57,SB << 
1032, L17→16,SB ~ 1 × 1039 ergs s-1, L7→6,SB ~ 1 × 1041 ergs s-1. The emission in the mid-J lines is totally 
dominated by the starburst. Even as high as J = 17→16, the starburst is likely 5 times as bright as the 
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torus emission. At the highest J, however, the starburst is not detectable, and all of the line emission 
arises from the torus.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure III-10: Best fit LVG model for the CO excitation in the inner 180 pc of NGC 253 plotted 
on top of the observed 12CO and 13CO lines (Bradford et al. 2003) 

 
Synergy with ALMA  
ALMA can just resolve a pc sized torus in the most nearby AGN (10 Mpc), which is quite exciting. 
However, only SAFIR can detect the higher-J molecular lines that constrain the physical conditions 
and cooling of the torus. It is the highest J lines that are the “smoking gun” for the confining 
molecular torus. Furthermore, with its high sensitivity, SAFIR can unambiguously reveal the presence 
of a warm, dense molecular torus in a statistically significant number of sources through its 
unsurpassed sensitivity and access to the unambiguous high-J lines. At 100 Mpc, the CO(58→57) and 
(17→16) lines can be detected with SNR > 100 in just 5 minutes of integration time from a standard 
source. 
 
SAFIR advantage for unification studies 
These ideas are not new, have been pursued with ISO, and are being pursued with Spitzer. However, 
even for nearby systems, where its intrinsic sensitivity advantage is less important, SAFIR will do 
better than these facilities. This is because both ISO and SIRTF have relatively large beams, so that 
much of the host galaxy is included in addition to the AGN. Therefore the AGN lines are swamped by 
emission from the host galaxy resulting in a low line to continuum ratio, making it difficult to 
securely identify lines and their intensities.  
 
SAFIR observations are complementary to those planned with the ALMA submillimeter array. While 
ALMA will offer superb spatial resolution, the mm-wave lines (CO as high as J=7-6) to which 
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ALMA is sensitive do not strongly distinguish between a warm, dense torus and the more quiescent 
molecular gas in the host galaxy, so that these lower-J observations do not make a strong test of the 
Seyfert galaxy hypotheses. 
 
We plan to survey the local Universe with SAFIR for toroids enveloping massive black holes, 
investigating about 1000 nearby systems. The Milky Way galaxy has a form of torus in the 1.5 pc 
radius circumnuclear disk circulating about the central black hole. This torus is easily detectable in 
the 40 µm dust continuum by SAFIR to redshifts z ~ 0.1. The torus in the Seyfert 2 nucleus of NGC 
1068 is detectable to high redshifts (z ~ 5) in the continuum. However, at high z the torus would be 
blended into the emission from other (starforming) regions of the galaxy.  
 
We also plan a survey of the nearest 1000 Seyfert galaxies in the diagnostic lines listed above. With 
the superb sensitivity of SAFIR, this survey will go quickly. For example, the observed [NeV] 24.31 
µm line emission observed from the IR luminous (L ~ 3 × 1012 Lo) Seyfert 1 nucleus of Mrk 1014 (5 
× 10-17 W/m2, Armus et al 2004 ApJ Supp 154,178) at z = 0.1631 would easily be detectable with 
SAFIR at redshifts in excess of 5, or from systems with L ~ 3 × 108 Lo in the local Universe.  
 
The Energy Source in ULIG Galaxies 
 
One of the most exciting astronomical discoveries in the last two decades has been the class of 
Ultraluminous Infrared Galaxies (ULIGs). These are among the most powerful objects in the local 
Universe with far IR luminosities exceeding 1012 Lo. They are often colliding or merging galaxies, 
and it is likely that the mergers caused the inordinate far-IR luminosities, by either compressing the 
natal ISM triggering a global starburst, or by triggering accretion onto a central massive black hole 
forming an AGN. Mid-IR ISO observations suggest that ~ 70% of ULIGs are powered primarily by 
starbursts (Genzel et al. 1998 ApJ 498, 599), and the remaining ~ 30% are powered by AGN. The 
first Spitzer data appear to confirm this result (Armus et al. 2004). However, other data appear to 
contradict these findings. For example, the 158 µm [CII] line luminosity, which is typically quite 
strong relative to the far-IR luminosity in local starforming galaxies, is substantially weaker in many 
ULIG galaxies (Luhman et al. 2003 ApJ 594, 758). This suggests that much of the observed far-IR 
luminosity arises from a buried AGN, or, if the far-IR energy arises from star formation, the starburst 
is much more intense, and confined than in lower luminosity systems (Stacey et al. 1991 ApJ 
373,423), or much of the far-IR continuum arises from dust bounded HII regions (Luhman et al. 
2003). For these cases, starbursts in ULIGs are quite different from those in lower luminosity 
systems.  
 
What powers ULIGs? If they are powered by starbursts, in what way are they different from lower 
luminosity systems? What fraction of ULIGs are powered by nucleosynthesis (starbursts), and what 
fraction are powered by gravity (AGN)? These questions are important to understand the local 
systems, but also vital for the study of star formation in the early Universe. ULIGs may well be the 
local "slimmed down" version of the recently discovered bright submillimeter galaxies. The far-IR/ 
submillimeter continuum emission from the submillimeter galaxies comprises a large fraction of the 
energy budget of the early Universe. Therefore, it is important to fully understand the energy budgets 
of ULIGs so as to model the relative contribution of gravity and nucleosynthesis to the energy 
budgets in the early Universe. If powered by star formation, in what way do starbursts differ in 
ULIGs from lower luminosity systems. 
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Figure III-11: Spitzer IRS spectra of the AGN Mrk 463, and the starburst galaxy UGC 5101.  
Prominent diagnostic lines are indicated. Note the dramatic shift from low ionization features 
(green) to high ionization features (red) between the starburst and AGN spectra (especially the 
shift from [NeII] to [NeV] – from Armus et al. 2004). 

 
 
We will use SAFIR to investigate the energy sources in ULIGS using the many atomic and ionic fine 
structure lines and molecular rotational lines that are available in the far-IR/submillimeter regime. 
These lines have the distinct advantage over the optical or near-IR lines in that they suffer relatively 
little extinction, so that they can probe the dust enshrouded emission regions, and that the energy 
levels are typically low-lying, with modest critical densities, so that they are the dominant coolants 
and physical probes of much of the interstellar medium in galaxies. SAFIR can: 
 
Determine the energy source in ULIGs: The hardness of the local radiation fields is given by the 
relative strengths of fine-structure lines from the various ionization states of elements, such as [NeII] 
(12.8 µm), [NeIII] (15.6 and 36.0 µm), and [NeV] (24.3 µm), [NII] 122 and 205 µm, and [NIII] 57 
µm, or [OIII] (51.8 and 88.4 µm) and [OIV] (25.9 µm). Strong [NeV] and/or [OIV] emission is only 
consistent with the hard radiation fields from AGN (Figure III-11), while strong [NeIII] or [OIII] 
emission is consistent with a very young starburst with a mass function headed by early type stars.  
  
Determine the Age of the Starburst: The most massive main sequence star determines the hardness 
of the UV radiation field in galaxies. By observing the relative strengths of the lower ionization neon, 
oxygen, or sulfur ([SIII] 18.7 and 33 µm) lines, one determines the hardness of the UV radiation field, 
hence most massive main sequence star, hence age of the starburst. To understand what triggers 
starbursts in galaxies, it is vitally important to understand the chronology. 

 
Measure the Concentration of Starburst: The strength of the UV radiation field, and the physical 
parameters of the interstellar medium (temperature, density, clumping, mass) are well characterized 
by the brightness of the lines arising from photodissociation regions (PDRs), e.g. [OI] (63 and 146 
µm), [CII] (158 µm), [CI] (370 and 610 µm), mid-J CO lines (e.g. (7-6) 372 µm) lines, rotational 
lines of H2 (e.g. 17 and 28 µm), and the far-IR continuum (cf. Wolfire et al. 1990 ApJ 358, 115), 
Kaufman et al. 1999 ApJ 527, 795). The beam filling factor for PDRs is derived by comparing the 
derived strength of the UV radiation field to the observed far-IR continuum flux. If there are two lines 
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from a single ionized gas species (e.g. [OIII]), their ratio yields ionized gas density. One can therefore 
establish the size of starburst regions without fully spatially resolving them. 
 
SAFIR advantage for understanding energy sources 
The spatial resolution of SAFIR is sufficient (~ 1” at 40 µm) to resolve the cores of local ULIGs in 
the far-IR continuum and lines. This is important, as the lines from a high excitation AGN will be 
confined to the inner regions of the nucleus – at 50 Mpc, 1” corresponds to about 250 pc. Many 
systems will be AGN/starburst composites, so that without sufficient spatial resolution, the emission 
from nearby starburst regions may significantly lower the line to continuum ratio for AGN lines, 
making their detection problematic. The resolution is also sufficient to enable mapping and statistical 
studies of merger sequences to investigate the relationship between starburst intensity and age, or the 
infall process towards an active nucleus. 
 
Armus et al. 2004 present the first Spitzer IRS spectra of the active ULIG galaxies Mrk 1014, Mrk 
463, and UGC 5101. SAFIR will be able to detect the observed [NeII], [NeIII], [NeV], [SIII], H2 (17 
µm), and [OIV] line emission from these systems well beyond redshifts of 5 – well beyond the peak 
of star formation history, and into the regime where galaxies are first assembling. The situation is 
similar in the longer wavelength lines (scaling from observed [CII] and [OI] flux from ULIGS (Dale 
et al. 2004 ApJ 604, 555). SAFIR is therefore a platform to probe the evolution of the brightest dust-
enshrouded galaxies from their first formation to the present. Equivalently, SAFIR can detect systems 
with L ~ 5 × 108 Lo in these lines in the local (z < 0.2) Universe. We therefore will conduct a survey 
of the nearest 1000 systems in these lines. This survey will have significant overlap with the Seyfert 
survey outlined above.  
 
Star Formation in Normal Galaxies 
 
To understand the star formation process in the early Universe, it is important to investigate the star 
formation process in nearby systems where we can resolve star formation sites and put them into 
context with the rest of the galaxy. The resolution that SAFIR will achieve is illustrated for nearby 
galaxies in Figure III-12 below. We will therefore use SAFIR to survey and map about a hundred 
nearby starforming galaxies. The group will include grand design spirals such as NGC 6946, barred 
and interacting spirals such as M83 and M51, Milky way analogues such as NGC 7731 and the edge-
on system NGC 891, low metallicity dwarf galaxies such as IC 10, and nearby, well resolved 
interacting/starburst systems such as Arp 244 (the Antennae). Our goal is to fully characterize star 
formation as a function of galaxy mass, morphology, metallicity, and environment, so that the lessens 
learned can be applied to the more distant, unresolved sources in our deep surveys. SAFIR will do 
many things. 
 
Investigation of Star Formation in Low Metallicity Systems 
The investigation of the star formation properties of low Metallicity systems is of particular interest, 
as these systems are the local analogue of the first starforming galaxies in a bottom up scenario. We 
plan to observe these systems in the variety of far-IR fine structure lines and molecular rotational 
transitions. We will observe lines that: (1) trace the hardness of the interstellar radiation fields and 
density of the ionized gas (e.g. [NeII], [NeIII], [OIII], [SIII], [NII], [NIII]); (2) reveal interstellar 
abundances thereby tracing the degree of processing (age) of the ISM (e.g. [OIII] 52 µm/[NIII] 57 
µm); (3) trace the strength of the UV radiation fields, physical conditions of the photodissociated gas, 
and beam filling factors (e.g. [OI], [CII], mid-J CO, [CI], H2); and (4) trace the physical conditions of 
the cool molecular clouds that will form the next generation of stars (e.g. mid, and low-J CO, [CI] 
lines). We are particularly interested in searching for weak H2 rotational line emission from the 
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molecular ISM. There is evidence that much of the molecular ISM is hidden to CO observers (cf. 
Stacey et al. 1991, Poglitsch et al. 1995 ApJ 454, 293, Madden et al. 1997 ApJ 483, 200). 
 
Search for reservoirs of CO free H2 in normal spiral galaxies 
Investigate the warm molecular ISM in normal spiral galaxies by searching for the rotational line of 
H2 at 17 and 28 µm. ISO observations of the edge-on Sb galaxy NGC 891 and the face-on Sc galaxy 
NGC 6946 revealed surprisingly strong H2 line emission from these “normal” spirals in regions that 
are weak in CO line emission. Valentijn & van der Werf (1999 ApJLett 522, L29) suggest that this 
warm molecular gas may make up a significant amount of the total mass of these galaxies. Early 
Spitzer results confirm strong H2 emission from many galaxies (e.g. Smith et al. 2004 ApJ 154, 199).  
 
Investigation of roles of bars, spiral arms, and galactic environment on star formation  
SAFIR will investigate the rolls of bars potentials, spiral density waves, and galactic environment 
(collisions) on star formation in nearby galaxies in the lines that provide the cooling of the natal ISM. 
As a bar potential or spiral density wave sweeps through quiescent molecular clouds, they are 
compressed and stimulated to collapse and form stars. The cooling lines for collapse of neutral clouds 
include the rotational transitions of H2O, CO, OH, and H2, as well as the fine structure lines of [CI]. 
Nearly all of the important cooling lines lie in the SAFIR spectral regime. As stars form, they 
illuminate their local environments giving rise to photodissociation regions, cooled by the far-IR fine 
structure lines of [CI], [CII], [OI], and [SiII] and the mid-J rotational lines of CO. Early type stars will 
form HII regions, cooled by the ionized gas fine-structure lines (e.g. [SIII], [OIII], [NII], [NIII]). The 
physical conditions (density, temperature, mass, abundances, etc.) of the ISM are traced by the ratios 
of these lines, and comparison with the far-IR continuum. The line ratios also reveal the hardness of 
the ambient interstellar radiation field (most massive star on the main sequence), and the strength of 
the far-UV radiation fields (concentration of the newly formed star clusters). We will investigate the 
roles of supernovae in energizing the ISM by observing the “galactic chimneys” found in edge-on 
spiral galaxies such as NGC 891. The spatial resolution available with SAFIR is impressive: at M51, 
the 1.5” [OI] 63 µm beam corresponds to about 40 pc – or about the scale of large GMCs (cf. Figure 
5). 
 
An example of this is mapping M83 with an R ~ 2000 spectrometer. For this example, we assume 
either an image slicer, or a long slit grating spectrometer with an instantaneous field of view of 256 
positions on the sky (as in Figure III-13). Based on ISO results, and scaling to the 1.5” beam of 
SAFIR, the [OI] line flux in the interarm regions of M83 is ~ 2.3 x 10-18 W/m2 per beam. The [OI] 
line is detected by SAFIR with SNR > 100 in one second of integration time. The time required to 
map the entire galaxy in this line (a 6’ x 8’ region) would take about 300 pointings, or assuming 50% 
observing efficiency, about 10 minutes of SAFIR time. To map in the 10 other bright far-IR fine-
structure lines ([OI] (63 and 146 µm), [OIII] (52 and 88 µm), [SIII] (19 and 33 µm), [NII] (122 and 
205 µm), [CII] (158 µm), [NIII] (57 µm), [SiII] (35 µm) requires ~ 1.5 hours of integration time.  
 
With SAFIR’s 1.5” beam at 63 µm, we will have imaged nearby starforming galaxies at a linear 
resolution of ~ 40 pc – the size scale of giant molecular clouds. We therefore investigate the 
interstellar medium (heating and cooling, density, mass and abundances) and young stars (strength, 
and hardness of radiation fields) in star formatting galaxies at the size scale relevant for star 
formation. How do spiral arms, galactic bars, and intergalactic collisions stimulate star formation in 
galaxies. What is the effect of environment on the initial mass function and size of the starburst?  
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Figure III-12: Composite visible and IRAC band image of the nearby spiral galaxy, M51 (from the 
Spitzer public web site). SAFIR will achieve similar spatial resolution in the far-IR spectral lines. 

  

 
Figure III-13: (left) 158 µm [CII] line map of the barred spiral galaxy M83 obtained with the KAO 
at 55” resolution (Geis et al. 2005) superposed on an optical image. The [CII] line is a signpost of 
OB star formation (Stacey et al. 1991) and is strongly enhanced at the bar-spiral arm interfaces to 
the north-east and south-west. (right) Size of the SAFIR beam at 158 µm superposed on a 
composite interferometric CO(1→0) line (countours) and optical Hα line (false color) images 
(Rand, Lord and Higdon, 1999)  

 
We plan to obtain complete maps of about 50 key nearby galaxies, (e.g. IC 10, II Zw40, NGC 891, 
M51, M83, NGC 6946) in the far-IR spectral lines and continuum, and to extend similar observations 
to a statistically meaningful (~ 1000) sample of normal galaxies within redshift of 0.5. The sensitivity 
of SAFIR is such that mapping speed will likely be dominated by pointing overheads, and the overall 

4” [CII] beam 
corresponds to 100 pc at 
M83 (5 Mpc) 
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map size will be determined by the format of the spectrometer involved (spatial and spectral 
multiplexing). Assuming a spectrometer with a 256 spatial multiplex advantage, each nearby galaxy 
will take about an hour to map in the brightest 8 lines (50 hours total). The more distant galaxy set 
will go more quickly since they subtend a much smaller region on the sky (~1’). We expect that 
mapping 1000 galaxies will require an additional 100 hours of SAFIR time if we integrate 3 seconds 
per pointing.  
 
SAFIR advantage for studies of star formation in normal galaxies 
SAFIR will have unprecedented surface brightness sensitivity, very high spatial resolution (only 
eclipsed by submillimeter interferometry missions) and excellent mapping capabilities in the most 
important cooling lines and probes of the interstellar medium. Nearly all of these lines are 
inaccessible from the ground. The critically important [OI] is blocked by telluric absorption at modest 
redshifts from aircraft and balloon altitudes, and the very important H2O cooling lines are totally 
inaccessible to these platforms. SAFIR observations are complementary to those planned with the 
ALMA submillimeter array. While ALMA will offer superb spatial resolution, SAFIR accesses 
unique lines (especially at high frequencies) not available to ALMA observers. 
 
 
 
Birth of Stars, Planets and Complex Molecules 
Background 
Except at the earliest epochs, stars form in the densest parts of dusty molecular clouds in the 
interstellar medium and the formation of their associated planetesimals, planets, moons, comets, 
KBOs, etc. is intimately related to the physical conditions in the immediate vicinity of these forming 
stars. Stars form because the force of gravity ultimately overcomes gas and radiation pressure, 
magnetic fields, rotational forces, and turbulence. Stars almost universally form in groups, resulting in 
strong mutual interactions. Solar system objects form through complex processes of dust grain 
coagulation, solid particle compactization, gravitational attraction, and gas accretion.  
 
Dust plays a prominent role in the formation history of stars and planets. It is a principal player in the 
thermal evolution and structure of the dense molecular clumps from which they form. During early 
phases of gravitational collapse, dust obscures the emission at short wavelengths but allows the 
thermal energy generated during compression to be radiated away, enabling continued contraction. 
Grain surfaces act as a chemical catalyst for the production of complex molecules, including organics, 
both prior to and during the star formation process. The result of chemical processing in star forming 
regions is a richness of molecular species. By studying line shapes, intensities, and excitation, 
information on the physical conditions can be extracted, because many ions and molecules do not co-
exist but rather trace regions with differing conditions. 
 
Because of the high degree of extinction due to dust, the cradles of star and planet formation are 
completely obscured at wavelengths shorter than about 30 µm. Future missions such as JWST, TPF-
C, and TPF-I, which operate at mid-infrared through optical and the ultraviolet spectral regimes will 
therefore not be able to probe the earliest phases of this formation process. By contrast, the ground-
based radio observatory ALMA, the currently operating Spitzer Space Telescope and the future far-
infrared/submillimeter Herschel Observatory and SOFIA will provide important observational 
constraints for our understanding the star and planet formation process. This combination of operating 
and planned facilities, however, will not offer the wavelength coverage combined with both the 
sensitivity and spatial/spectral resolution necessary for answering some of the key scientific questions 
associated with the sequence of events leading to the formation of stars, planets, and life on Earth. 
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Figure III-14: The massive star-forming region W49 (Alves and Homeier 2003) with 100 O7V 
“equivalents” to account for the total ionizing flux (blue = H; green = K; red = 3.6 cm). 
Approximately 40 highly obscured UCHIIs are shown in pure red in this composite.

 
The unique contributions to be made by SAFIR were summarized in the McKee-Taylor Decadal 
Survey: “The SAFIR Observatory will …study the relatively unexplored region of the spectrum 
between 30 and 300 µm. It will enable the study of galaxy formation and the earliest stage of star 
formation by revealing regions too enshrouded by dust to be studied by [JWST] and too warm to be 
studied effectively with ALMA.” Several of the major star and planet formation science objectives to 
be addressed by SAFIR are: 
 
• Formation of first stars in the early universe and their evolution 

o How, when, and with which IMF did the first stars (with zero metallicity) form? 
o What is the subsequent star formation history? 
o Is there an unknown population of high-z IR galaxies? 
 

• Formation of stars and the physics of the interstellar medium 
o How do stars form out of the interstellar medium? 
o Circulation / enrichment / chemical processes of the interstellar medium 
o Detailed studies of nearby (resolvable) protostars, star forming regions, “mini-starbursts”, 

starbursts, thus providing templates for studying star formation in distant galaxies 
 

• Formation of new solar systems in protostellar disks 
o How do the disks and their outflows form and evolve? 
o How are planetesimals and larger bodies built up out of interstellar dust? 
o How do terrestrial and Jupiter-type planets form and interact with the disk? 
o What is the chemical state (pre-biotic?) of material that enters into planetary 

atmospheres? 
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• Debris disks (including our Solar System) containing cometary, planetary, and satellite bodies 
and atmospheres 

o History of our and neighboring solar systems 
o Finding and analyzing pristine material in comets 
o Secondary dust production 

 
SAFIR can be expected to make key unique contributions in understanding star and planet formation 
by enabling a combination of the high spatial resolution with high sensitivity, large area photometry 
and high-resolution spectroscopy. The instrument and telescope requirements can be derived from the 
needs of star/planet formation science, which we outline below. 
 
The dust continuum emission of star forming regions peaks at 60 – 120 µm. Thus, we require that 
SAFIR’s imaging photometry cover the wavelength range from at least 40 - 200 µm to characterize 
the energy output of local star formation regions and to 1mm in order to characterize the energy 
output of distant star formation regions out to z < 5 (thus covering the bulk of star formation history). 
Studies of local star formation at spectral resolution R~3 is not a principal driver of photometer 
sensitivity requirements, but similar studies at epoch z=5 will be enabled by background-limited 
sensitivity. Typical scale sizes, distances, and separation of local sources of star formation require 2” 
spatial resolution (comparable to non-AO ground-based optical telescopes) at the wavelengths of 
interest. For example, a 200 AU diameter protoplanetary disk at 100 pc subtends a 2” angle, the 
diffraction limit attainable at 100 µm with a 10 m telescope. Such a disk would be resolved at 40 µm. 
 
R~1000 dust spectral features in the far infrared/submillimeter wavelength regime enable dust 
crystallography during the various phases of star and planet formation. Of particular interest are the 
so-called PAH (polycyclic aromatic hydrocarbon) features. PAH dust spectral features appear in the 
3-12+ µm regime but are difficult to uniquely interpret because they arise from e.g. C-H and C-C 
bending and stretching modes. The “large scale” floppy and torsional modes, which result in far 
infrared/submillimeter emission of large complex molecules and PAH-dust, will allow their unique 
identification. Even the lack of such features provides us with important constraints on the physical 
make-up of the dust. Because these dust features will be associated with a strong continuum emission, 
the sensitivity of an R~1000 spectrograph is an enabling constraint. ISO was unable to identify far 
infrared dust features, but the Herschel PACS and SPIRE spectrographs may be able to observe the 
strongest dust features. A sensitive background-limited R~1000 spectrograph such as that envisioned 
for SAFIR will enable the study of dust evolution during the early phases of star formation and 
planetesimal build-up. 
 
The very strong 3-12 µm PAH features shift into the SAFIR window beyond z=7. The Spitzer Space 
Telescope has demonstrated that the 8 µm camera in particular is a sensitive tracer of star formation 
activity. Thus, background-limited sensitivity, which allows identification of these PAH features, will 
enable quantitative studies of star formation rate and metallicity history out to the reionization epoch. 
 

Detailed line studies of many important diagnostic spectral lines are not possible from ground-based 
or airborne observatories (e.g. HD, H2O/HDO, OH, fine-structure lines, bending modes of hot 
complex molecules, high-J CO), and submillimeter atmospheric “windows” do not permit access to 
all needed diagnostic lines at a given redshift. Detailed line profile shapes and centroid velocities of 
several key lines will enable the study of the structure and dynamics of circumstellar disks before, 
during and after planet-forming stages as well as the detection and mapping of large (pre-biotic?) 
molecules. Typically, one would require sub-km/s velocity resolution for such studies which 
translates into a spectral resolution requirement of R > 300,000, easily attainable with heterodyne 
receivers.  



 

SAFIR Vision Mission 29   6-2005 
 

 

 
 
Figure III-15: Emission from a star-forming region (~70K) with spectral lines imposed on the dust 
continuum. Large organic (pre-biotic?) molecules can be expected to have torsional and floppy modes 
with bands in the far infrared, which – unlike the near infrared “PAH” features, allow their 
unambiguous identification.  
 

 
 
 
 
 
 
 
 

 

 

 

 

Figure III-16: CII at 158 µm, the strongest cooling line in the ISM, is visible everywhere in the 
galactic plane. BICE Galactic maps of CII at very low spectral resolution (top) and continuum dust 
emission (bottom). With the addition of velocity information from a high resolution SAFIR 
instrument, pieces along the line of sight can be separated, yielding a 3D picture of our galaxy.  
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Figure III-17. The initial mass function of the Trapezium cluster (Muench et al. 2001). Stars more 
massive than 30 Msun are absent simply because the cluster does not contain enough stars to have 
significant numbers at the high end of the mass spectrum. Observing the formation of high mass stars 
requires one to consider clusters at much greater distances than the Orion Trapezium. HB and DB 
denote minimum masses for hydrogen and deuterium burning. 

 
From a collapsing cloud to a solar system? 
The sequence of events beginning from the collapse of a gravitationally unstable clump within a 
molecular cloud and ultimately resulting in several planets, their satellites, comets, asteroids, etc. are 
still poorly known – primarily due to our inability to observe many of these events during the earliest 
stages of evolution. Surely this evolution strongly depends on the local environment and the 
individual parameters of the clump, in particular the clump’s mass, magnetic field, rotation, and 
turbulent motions. Specifying the clump’s Jeans mass, MJ = 1 Msun (T/10 K)3/2 (nH2/104 cm-3)-1/2 from 
the temperature and density of the clump gives only part of the picture. The initial mass spectrum 
resulting from the collapse of a massive molecular cloud easily spans some 4 orders of magnitude, 
from 0.01 Msun to 100 Msun (e.g. Figure III-17 above). What determines the final mass of the star 
cannot only be a function of the temperature and density. The collapse of massive molecular clumps 
can produce high mass stars, but the evolution is not simply a scaled-up version of low mass star 
formation. Outflows and radiation strongly influence the star formation process.  
 
Figure III-18 depicts some of the relevant evolutionary time scales during the formation and evolution 
of stars. Stars more massive than about 5-8 Msun are not optically visible as pre-main sequence stars, 
because they evolve quickly to core hydrogen burning while the star is obscured optically and is still 
growing in mass. Massive stars destroy their accretion disks on a time scale comparable to the 
accretion time scale and it is thus highly unlikely that planets can form around such stars. 
 
Perhaps massive stars are formed through an entirely different process than that envisioned for their 
low mass counterparts: accretion onto a disk with subsequent central core growth via mass flow 
through an accretion disk. Do massive stars grow instead by coalescence of lower mass bodies? 
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Figure III-18. Times scales for the evolution of single stars of given mass from the birth of the first 
embryonic hydrostatic core of about 1 Jupiter mass (t=0). Because stars both gain and lose mass 
during their evolution, the star’s maximum mass is used for the “given mass”. The time for 
accretion and rapid mass growth (and high obscuration) is given by the symbol “X”. The mean 
lifetime of gaseous disks is given by the symbol “O”. ZAMS = Zero Age Main Sequence; TAMS 
= Terminal Age Main Sequence (end of core hydrogen burning); UCHII = Ultracompact HII 
Region; WR = Wolf—Rayet star; BH = Black Hole; NS = Neutron Star; WD = White Dwarf. 

 
 

Table III-1: Expected number N* of stellar progenitors in 
the Galaxy currently in the accretion phase which 
eventually attain a final mass M* above the given value. 
Two values for the IMF power law exponent α are 
given. 

 
Table  III-1 gives the number of stars in the entire Galaxy, which we can reasonably expect to be in 
the accretion phase, assuming a power law distribution at the high mass end. If we restrict ourselves 
to the local (< 1 kpc) disk, these numbers have to be decreased by a factor of about 300. Thus, we can 
expect to find only a single star more massive than 50 Msun in our immediate vicinity. The relative 
scarcity and the short evolutionary time scales affect our ability to observe massive stars during the 
earliest phases of formation. Small number statistics are partially offset by higher luminosities – we 
can observe massive stars at greater distances, especially if we observe at longer wavelengths which 
are unaffected by dust extinction within the galactic disk. However, insufficient spatial resolution and 
confusion may be an issue; a large aperture telescope is imperative. SAFIR will have sub-arcsec 
resolution below 50 µm. 
 
Due to high dust obscuration in the star-producing molecular clumps, observing star formation 
process during the earliest evolutionary phases is primarily a long wavelength (far infrared – 
submillimeter – radio) endeavor. Space-based far infrared and submillimeter studies complement and 
supplement ground-based radio and submillimeter studies through their unique ability to directly 

M > M*/Msun N* (α = 2.35) N* (α = 2.3) 
10 5400 6300 
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establish the total luminosity, certainly one of the most important parameters of the star forming 
system. Line studies of diagnostic spectral lines unique to the far infrared and submillimeter (e.g. HD, 
H2O/HDO, OH, fine structure lines of atoms and ions, bending modes of hot complex molecules, 
high-J CO) permit precise characterization of the immediate environment of the forming massive star 
(e.g Figure III-19). Detailed line profile shapes and centroid velocities of several key lines will enable 
the study of the structure and dynamics of circumstellar disks, material infall, and outflow before, 
during and after planet-forming stages as well as the detection and mapping of chemical species, such 
as large (pre-biotic?) molecules. The ability to distinguish various velocity components along the 
line-of-sight is necessary to avoid confusion when studying complex processes in the galactic plane. 

 
Figure III-19: ISO-LWS spectra of line emission from low mass protostars in different phases of 
development (oldest at top). These lines are all unresolved; many are highly blended 

Exploiting a line shape requires a spectrometer with a minimum of 3 spectral resolution elements 
across the line (10-20 is optimal). The trade-off is between information and sensitivity. Spectral line 
widths are determined by thermal broadening and by line-of-sight motions of the emitting material. 
Typical temperatures range from less than 50 K to 10,000 K in star-forming regions, corresponding to 
thermal lines widths (for, say H2O) of less than 0.2 km/s to ~3 km/s. Large molecules can have 
thermal widths that are much narrower. Line-of-sight velocities resulting from bulk motions and 
turbulence can range from sub-km/s (quiescent disks) to several 10 km/s (jets and outflows).  
For the far infrared one has four choices of spectrometer types:  
 

• Dispersive spectrometer (grating/prism or equivalent) 
o R = ~103 limited by grating size (R = length/wavelength) 
 

• Fabry-Perot Spectrometer 
o R = ~104 limited by finesse of cavity 
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• Fourier Transform Spectrometer 
o R = ~105 limited by length of moving arm 
 

• Heterodyne Spectrometer 
o R determined by LO spectral purity and backend spectrometer ~106-8 in far infrared 
 

In order to attain sub-km/s resolution SAFIR requires either a superb FTS or a heterodyne 
spectrometer system. 
 
Planet Formation 
According to our current understanding, planets begin to form as soon as their parent disks are 
formed, which occurs while the protostar-disk system is highly obscured. The time scales and 
structure for this process are illustrated in Figures III-20 and III-21. Significant grain reprocessing can 
occur within a few thousand years, which should be detectable by SAFIR. Whereas dust can quickly 
sediment and coagulate into larger particles in gaseous disks – within several hundred thousand years, 
the growth of planetesimals into larger bodies requires a relatively long-lived gaseous disk – of the 
order of several million years. Thus, stars more massive than 3-5 Msun may have difficulty producing 
Jupiters through accretion onto a solid core. The importance of the spatial resolution of SAFIR in 
understanding the structure of these disks is illustrated in Figure III-22. 
 
It is conceivable, however, that Jupiter-type planets form through a process different than the core-
accretion mechanism described above. Gravitational instabilities in the disks may produce Jupiter-like 
planets, ranging in mass from Saturn mass to values typical for brown dwarfs. Indeed, there may be 
no clear-cut distinction between the formation mechanism of brown dwarfs and Jupiters. 
 

 

 

 

 

 
Figure III-20: Time scales for the main phases of 
planet formation: 1. Dust settles towards the disk 
midplane and coagulates into larger bodies as it is 
pushed around by internal gas motions; 2. 
Runaway growth of the largest planetesimals into 
planet-sized objects; 3. Accretion of gas onto a 
solid (Earth-like) core (according to the core-
accretion model for Jovian planet formation) 
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Figure III-21: Numerical simulations of 
the collapse of a slowly rotating clump 
which produces a disk several thousand 
years after the first hydrostatic core is 
formed. The temperature structure is 
displayed to the left, velocity and 
density structure to the right. Note the 
occurrence of multiple accretion shocks. 

 
 

 

 
 
Figure III-22: The spatial resolution of SAFIR is 
compared to other future facilities at 100 µm. SAFIR’s 
spatial resolution will allow detailed studies of nearby 
young star-disk systems, spatially resolving for the first 
time the line and continuum contributions of jets from 
the gaseous disks. The source in the picture is HH30 
IRS. From analysis of the scattered light, the (obscured) 
illuminating source is estimated to be a M0 T Tau star 
with 0.2 Lo. HH30 is at a distance of 140pc. 

 
SAFIR and the chemistry of the interstellar medium 
A question central to our understanding of origins is how much of the organics in comets, asteroids 
and meteorites is pristine interstellar material and how much of it was formed by processing in the 
presolar nebula. This also has implications for the origin of the prebiotic material that initiated the 
development of life on Earth. In order to understand the chemical history of our own Solar System 
and that of extrasolar systems we need to understand the composition and history of the organic 
component of the interstellar medium and young stellar systems. 

 
Figure III-23: Chemical processing in the interstellar medium. 
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The interstellar medium (ISM) consists of regions that cover a wide range of temperatures (10 – 104 
K) and densities (100 – 108 cm-3). It consists of mainly of gas with about 1% of the mass being in dust 
grains. The gas is mostly hydrogen with 10% helium and 0.1% elements such as carbon, oxygen and 
nitrogen. Other elements e.g. Si, S and Fe are even less abundant. Within these regions with diverse 
physical conditions complex chemistry can develop. There is evidence for a link between molecules 
formed in the dense prestellar cores and those observed in comets suggesting that chemistry in the 
ISM plays a role in determining the composition of solar system bodies (e.g. Irvine et al. 2000). 
Models have shown that PAHs, fullerenes and other complex organics can form in molecular clouds 
and are important for the chemistry and laboratory work suggests that they can be also be formed by 
UV photolysis of ices, but observationally it is not yet well known what degree of chemical 
complexity it is possible to achieve in cold interstellar clouds. This is something that SAFIR is well 
suited to explore. Understanding the chemistry in all regions of the ISM, from the formation of dust 
grains in the envelopes around late-type stars, to the formation of molecules in gas and ices contained 
in cold dark cores and the evolution of cores through collapse to form a young stellar object and 
protostellar disk and eventually planets (Figures III-23 and III-25) is crucial to understanding the 
chemistry of our solar system and other planetary systems. Figure III-24 illustrated examples of the 
carbon complexity in these chemical processes. 
 
 

 

 

 

Figure III-24: Examples of carbon 
molecules likely to be present in the ISM 
and in young stellar systems (Ehrenfreund 
& Charnley 2000, Ann Rev. Astron. 
Astrophys. 38, 427). 

 
 
Table III-2 shows the molecules that have been observed in the ISM to date. Most are organic, with 
carbon chains being more common than ring molecules. In addition, there is observational evidence 
for the presence of large molecules such as PAHs and fullerenes. There is also a tentative detection of 
glycine, the simplest amino acid, but this is still in dispute. 
 
SAFIR will be able to make a crucial contribution to the understanding of interstellar chemistry by 
providing access to the wavelength region from 20 µm to 1 mm. Not only does this region contain 
transitions of important molecules such as HD, H2O, HDO, OH and atomic fine structure lines which 
can trace the physical properties of the ISM and determine the contribution of molecules to the 
cooling of the gas, but it also provides the opportunity to detect many transitions of more complex 
molecules such as PAHs, fullerenes and amino acids (see Figure III-24 and Table III-2 for examples 
of organic molecules expected to exist in space).  
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Figure III-25: The cycle of organic molecules in the Universe. Interstellar organics are formed in 
the interstellar gas, in stellar outflows and on dust grains. This organic material is integrated into 
solar systems and is partly chemically processed or destroyed. In the final stages of stars, dust and 
elements are returned to the ISM.  

 
Number of Atoms 

2 3 4 5 6 7 8 9 
H2 H2O NH3 SiH4 CH3OH CH3COH CH3CO2H CH3CH2OH 
OH H2S H3O+ CH4 NH2CHO CH3NH2 HCO2CH3 (CH3)2O 
SO SO2 H2CO CHOOH CH3CN CH3CCH CH3C2CN CH3CH2CN 
SO+ HN2

+ H2CS HCCCN CH3NC CH2CHCN C7H H(CC)3CN 
SiO HNO HNCO CH2NH CH3SH HC4CN H2C6 H(CC)2CH3 
SiS SiH2 ? HNCS NH2CN C5H C6H C8

- ? C8H 
NO NH2 CCCN H2CCO HC2CHO c-CH2OCH2 CH2OHCHO ? C9

- ? 
NS H3

+ HCO2
+ C4H CH2=CH2 C7

- l-HC6H  
HCl NNO CCCH c-C3H2 H2CCCC   10 
NaCl HCO c-CCCH CH2CN HC3NH+   CH3COCH3 
KCl HCO+ CCCO C5 C5N   CH3C5N ? 
AlCl OCS CCCS SiC4 C6

- ?   NH2CH2CO2H? 
AlF CCH HCCH H2CCC C5S ?    
PN HCS+ HCNH+ HCCNC    11 
SiN c-SiCC HCCN HNCCC    HC9N 
NH CCO H2CN H3CO+     
CH CCS c-SiC3     12 
CH+ C3 CH2D+ ?     c-C6H6 ? 
CN MgNC CH3      
CO NaCN      13 
CS CH2      HC11N 
C2 MgCN      
SiC HOC+     15 
CP HCN     (C2H5)2O ? 
CO+ HNC       
HD H2D+       
HS CO2       
FeO SiCN       
O2? AlNC       
HF KCN ?       

Table III-2: Observed interstellar and circumstellar molecules. ? indicates a tentative detection, c- 
indicates a ring molecule. 
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Figure III-26: Predicted millimeter spectrum 
of glycine demonstrating the forest of lines 
that are produced as a consequence of the large 
partition function. (J. Pearson, JPL)

 
Figure III-27: Possible formation routes to amino acids starting from aminomethanol. Me 

represents a CH2 group and Et a C2H5 group. 
 
Several mid-IR lines between 3 and 12 µm have been attributed to the C-C or C-H bending and 
stretching modes of PAHs. However, these lines are not sufficient to allow PAHs to be uniquely 
identified or to establish the size distribution of such molecules. Complex molecules have complex 
structures and large partition functions which means that there are many ways for them to lose 
energy. Consequently a transition of a complex molecule is much weaker than those for simple 
molecules e.g. assuming the same abundance of glycine as for CH3OH the strongest glycine transition 
is predicted to be 10 mK as opposed to 400 mK for methanol. The large number of transitions also 
means that many of them need to be observed in order for a positive identification to be made. PAHs 
and other complex molecules are expected to have large-scale flopping or torsional modes in the FIR 
and  submillimeter – regions of the spectrum which will be accessible to SAFIR. A combination of 
the data from SAFIR with laboratory spectra will allow the unique identification of many of the 
organic molecules in the ISM.  
 
Amino acids are important biological molecules which might have an interstellar origin. Laboratory 
data is available for glycine (NH2CH2CO2H), the simplest amino acid, over the SAFIR wavelength 
range (Figure III-26). Amino acids have been shown to form in the laboratory when interstellar ices 
are irradiated by UV photons. Possible chemical pathways to their formation by ice chemistry are 
shown in Figure III-28. Complex molecules could also form in the gas phase. Figure III-27 shows a 
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reaction network that starts from alcohols. Alcohols can form easily (and have been observed) in 
interstellar ices. In warm regions such as hot cores they can be desorbed and returned to the gas where 
they can drive a complex chemistry. Observations of complex molecules and their identification will 
provide us with clues as to their formation mechanisms and their ability to survive in the interstellar 
medium and through the star formation process (e.g amino acids are likely to be quickly destroyed by 
UV photons in highly irradiated regions, but may be able to survive in low UV fields or if embedded 
in ices). SAFIR is uniquely placed with an ideal wavelength coverage and high sensitivity to make a 
significant contribution to our understanding of the organic chemistry of the interstellar medium and 
to the question as to the origin of prebiotic molecules that led to the development of life on Earth. 

 
Figure III-28: Schematic illustrating the types of ices expected to be present in molecular clouds, 

and the chemical pathways that might form them. 

 
 
 
Debris Disks and Signatures of Planets 
 
Background 
Long before extra-solar planets were discovered by the Doppler technique, there was indirect 
evidence of planet building from observations of debris disks around several main sequence stars. 
These debris disks, for which our own counterpart is the zodiiacal cloud and Kuiper Belt dust disk, 
were first detected in their thermal emission by IRAS (see Figure III-29). Stars harboring debris disks 
are too old to have remnants of the primordial disk from which the star formed. The timescale of dust 
grain removal due to Poynting-Robertson (P-R) drag for a solar type star is ∼ 105 years, much shorter 
than the age of main sequence stars, >107 years, indicating that these dust disks are not primordial, 
but the result of mutual collisions between asteroid-like bodies or the evaporation of comets close to 
the star. The observation of debris disks indicates that planetesimal formation is indeed a common by-
product of the star formation process. One would expect, therefore, that some stars harbor both giant 
planets and extended emission, as is the case of the Sun. Indeed, a recent study with the Spitzer MIPS 
instrument confirms that out of 26 FGK field stars known to have radial velocity planets, 6 show 70 
µm excess at 3σ confidence level, implying the presence of cool material (<100 K) located beyond 10 
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AU. These stars, with a median age of 4 Gyr, are the first identified as having both well-confirmed 
planetary systems and well-confirmed IR excesses.  
 
A sensitive far infrared observatory that can resolve such structures on these scales such as SAFIR 
would contribute strongly to our understanding of the environments in such solar systems. For the 
nearby stars that will be the targets of TPF, the number of detectable debris disks rises rapidly with 
sensitivity. SAFIR will provide, for TPF-identified planets, a strong assessment of the late 
bombardment rate for these planets, which is indicative of habitability. While evidence for such disks 
has also come from scattered light at optical and near IR wavelengths, such detections are biased to 
regions close to the central star, and do not provide particularly strong information about composition 
or mass. Reaching out into the thermal infrared, JWST will probe the hottest regions of these clouds. 
To the extent that these clouds are in thermal equilibrium with the radiation field from the star, long 
wavelength measurements are more revealing. With the spectrum of these excesses peaking at about 
100µm, observations in the far infrared offer special advantages. Such measurements give access to 
the bulk of the heated dust, and also offer sensitivity to color temperature variations, and grain-size 
distribution. In particular, the mid- and far-infrared offer spectral probes of disk composition, 
including detection of entrained gas. 
 
 

 
Figure III-29: The spectrum of Fomalhaut shows the component due to the debris disk, in excess 
over the photospheric light indicated by the solid line. This excess peaks at wavelengths of ~100 
µm. Observations in the far infrared are thus especially useful for exploring these debris clouds. 
While ground-based submillimeter observations are possible, flux levels are much lower. (From 
Stapelfeldt et al. 2004 ApJS, 154, 458.) 

 
Target Statistics 
The spatial resolution requirements for useful debris disk studies are determined by the importance of 
having a useful sample size for characterization. It is clear from early Spitzer results, as well as 
ground based submillimeter results, on a handful of resolved debris disks that their morphologies are 
very different. Whether the variety that is represented is due to differences in solar systems around 
these stars or other factors is not at all clear. It is understood that for our own solar system the P-R 
clearing time is of order the replenishment time, which is the collision timescale for 10 km asteroids. 
As a result, it can be understood that the density and distribution of material in disks around solar 
systems like ours is likely to be highly stochastic. For those few disks that have been resolved by 
Spitzer at 70 µm, the morphology is remarkably different than seen at submillimeter wavelengths 
Figure III-30), so longer wavelength studies from the ground do not appear to provide the same 
information as a far infrared telescope in space. This is one of the surprises of the Spitzer mission. 
SAFIR will offer more than an order of magnitude higher spatial resolution than Spitzer. 
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Figure III-30: Spitzer far infrared observations of Fomalhaut at left compared with ground-based 
observations at right show the dramatic differences at different wavelengths. Ground-based studies 
of debris disks cannot, by themselves, fully represent the thermal and structural complexity of 
these sources. The spatial resolution of SAFIR at 100 µm would exceed that in the 850 µm map 
and in the Spitzer 70 and 160 µm maps by a factor of approximately ten. (Breyer et al. 2004) 

 
A 10 m aperture of SAFIR allows to have a spatial resolution of ~1” at 30 µm. Disk inner holes 
created by planets more massive than Neptune and located at 20–30 AU will be resolved out to a 
distance of 20–30 pc, large enough to contain a significant number of debris disks systems to allow a 
statistical approach to the study of the frequency of long period planets. 
 
Assuming thermal equilibrium of grains of emissivity ε with albedo a with a central star of luminosity 
L* at a distance D, the characteristic scale size for thermal emission from the grains is given 
approximately by 

 
θchar  = (λ2/Db2)(L*(1-a)/4πσε)1/2 

 
Where b is the constant in the Wien law. Using this equation, one can predict a characteristic angular 
scale for the disk at this wavelength as a function of stellar luminosity. It is noteworthy that the 
angular scale increases as the square of the wavelength, while the spatial resolution of a given 
aperture size decreases as the first power of the wavelength, so there is value in making these 
measurements at long wavelength. Comparing these calculations with the solar neighborhood 
population, it is found that SAFIR’s 2” resolution at 100 µm should provide a reservoir of about five 
hundred main sequence stars that, if they have debris clouds, would be resolvable. This compares 
with about one hundred for Herschel, and a few dozen for Spitzer. It is furthermore understood that a 
substantial fraction of stars in the solar neighborhood do, in fact, have well developed debris disks. 
While Spitzer results show a strong correlation of debris disk emission with age, distance-limited 
surveys such as the TPF-target list MIPs survey of Beichman et al (2004 ApJ 622, 1160), and more 
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general ISO work show that of order 10% have debris disks that are significantly more massive than 
that of our solar system. This kind of spatial resolution in the far infrared should thus provide access 
to of order fifty resolvable disks more massive than our own. Those very few disks that have already 
been reasonably well resolved at 350 µm with 5” resolution, such as Vega, Beta Pic, Fomalhaut, and 
Epsilon Eri, will reveal dramatically more detail when viewed with arcsecond-scale resolution closer 
to the spectral peak. 
 
A holy grail of debris disk studies is to understand how unusual our solar system is. At a nominal 
distance of 10 pc our solar system would have a 100 µm integrated emission of about 100 µJy, 
corresponding to Ldust/L* ~ 10-7 . Assuming a “Fabulous Four” debris disk scale size of order 300 AU 
diameter, this would correspond to ~2 µJy per 2” pixel. This surface brightness is, in fact, detectable 
by the baseline background-limited 10 m SAFIR with even modestly cold telescope temperatures and 
an observatory venue within the inner ecliptic where our own zodiacal cloud contributes strongly to 
the background. Since the zodi in our solar system is fairly uniform in the vicinity of the Earth, it is a 
trivial result that the surface brightness of an extrasolar debris cloud like our own has the same 
brightness per pixel as our own zodi background at high ecliptic latitude. 
 
With recognized debris disks having angular extents up to 1-2 arcminutes, a SAFIR imager should 
have a format size of at least 200 x 200 in order to fully sample the debris cloud around a single 
system. Short wavelength leaks in the bandpass filters will need careful management. Multicolor 
imaging will give important constraints on grain temperature and grain size distribution. The former 
will test grain heating mechanisms, and the latter will pertain strongly to the kind of bombardment 
that a planet in that system would endure, and help define the survivability of life on such a planet.  
 
Coexistence of Planets 
Another hint of the co-existence of debris disks and giant planets come from high-resolution images 
of debris disks both in scattered light and in thermal. Some of these images show the presence of 
density structure, such as gaps, arcs, rings, warps and clumps of dust. These features are likely to be 
the result of gravitational perturbations by one or more massive planets on the dust disk. There are 
several mechanisms by which giant planets can sculpt the disks: (a) capture of dust in mean motion 
resonances with the planet, as the dust particles drift toward the central star due to Poynting- 
Robertson drag; (b) resonance capture of dust producing planetesimal due to planet migration; (c) 
secular planetary perturbations; and (d) gravitational scattering of dust particles by the planet. It is 
important to notice that debris disk structure is sensitive to the presence of long period planets, 
complementing a parameter space not covered by radial velocity or transit studies, and understanding 
of the orbits of long period planets is fundamental for the study of the stability of orbits in the 
habitable zone, where terrestrial planets could form and survive. Therefore, even if the planets are not 
directly visible, we can learn about the diversity of planetary systems by studying their dusty 
“fingerprints”. It is noteworthy that recent results from Spitzer show that debris disks are somewhat 
what more common around stars known to have radial velocity-detected planets. 
 
The dust density structure carved by giant planets affects the shape of the disk Spectral Energy 
Distribution (SED), that depends on the grain properties (chemical composition, density and size 
distribution) and the mass and location of the perturbing planet. The SED of a debris disk with 
embedded giant planets is fundamentally different from that of a disk without planets, the former 
showing a significant decrease of the near/mid-IR flux due to the clearing of dust inside the planet’s 
orbit. The SED is particularly sensitive to the location of the planet, i.e. to the area interior to the 
planet’s orbit that is depleted in dust.. However, there are some degeneracies that can complicate the 
interpretation of the SED in terms of planet location. For example, the SED of a dust disk dominated 
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Figure III-31: The figure illustrates the clearing of debris in a solar system with massive planets 
around a solar type star. A Neptune-like body at 30 AU (Jupiter-like body also enclosed) around a 
solar neighborhood star would clear a region easily resolved by SAFIR. Note resonant clumps at 
the L3 and L4 regions. Compare with an azimuthally and radially uniform debris cloud at right. 
(Moro-Martin et al. 2005 in press) 

 
by weakly absorbing grains (e.g. Fe-poor silicates) has its minimum at wavelengths longer than those 
of a disk dominated by strongly absorbing grains (e.g. carbonaceous and Fe-rich silicate). Because the 
SED minimum also shifts to longer wavelengths when the gap radius increases (owing to a decrease 
in the mean temperature of the disk), there might be a degeneracy between the dust grain chemical 
composition and the semimajor axis of the planet clearing the gap. The conclusion is clear: if we want 
to constrain the planet location, high resolution images that spatially resolve the disk are optimal, as 
indicated by simulations in Figure III-31. 
 
One of the main features predicted by the dynamical models is the depletion of dust inside the planet 
orbit due to gravitational scattering by the planet. Dynamical models show that for a planet in a 
circular orbit with semi major apl, the radius of the depleted region is between 0.8apl and 1.25apl, 
allowing us to constrain the semimajor axis of the planet from the sizes of the observed inner gaps. 
The models also show that the dust depletion factor (i.e. the ratio between the dust density inside and 
outside the depleted region) depends largely on the planet mass when 1MNep < M < 3MJup, so in 
principle one should also be able to roughly constrain masses of planets at large astrocentric distances 
from observations of the density discontinuity at the inner edge of the disk. 
 
While the disk SED can only yield information about the radial density distribution of dust particles 
(because the grain temperature depends only on the distance to the central star), the high resolution 
images will allow us to study the disk’s azimuthal structure. Because this resonant structure depends 
on the planet mass and the location of the planet along its orbit, its study can also serve to constrain 
these planetary parameters. A constraint of the planet location can help the planning of observations 
aimed for direct detection. Observations at different epochs can detect proper motions in the dust 
features, that together with dynamical models, can serve as a test of the perturbing planet hypothesis 
(i.e., is the disk structure carved by a planet?). Low resolution spectroscopy with SAFIR of even 
distant and spatially unresolved debris disks will thus provide clues about the debris disk structure 
and provide clues about massive planets that are hosted within.  
 
While clean grains show weak, though distinctive features (Figure III-33), biogenic and water ices 
have strong bands that will be accessible to SAFIR (Figure III-32). For example, intermolecular 
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lattice translational modes in water ice at 44, 62, and 154 µm will be observable in such disks. SAFIR 
will probe chemical fractionation in these ices, most likely from cometary material, and by tracing 
both ices and their gaseous counterparts, will provide information about the evaporation of those ices. 
 

 

 
 
 
 
 
 
Figure III-32: ISO spectrum of the protostar 
IRAS19110+1045 (Dartois et al. 1998, A&A, 
331, 651) shows the clear signature of crystalline 
water ice. Such ice mantles on grain cores will 
offer important probes of grain characteristics in 
solar systems around other stars. 

 

 

 
 
 
Figure III-33: Laboratory spectra of Mg and Fe-
rich crystalline silicates (Forsterite and Fayalite) 
show distinctive bands in the far infrared, the 
details of which are sensitive to composition and 
annealing. These spectra are taken from the 
compilation by Koike et al. 2003. The 20-30 µm 
bands are being seen in Spitzer spectra of 
asteroids. These bands will be useful as a probe 
of refractory chemistry in circumstellar disks. 

 
Operational Considerations 
Debris disk science does not put any difficult operational constraints on acquisition and pointing. In 
fact, the association with a bright visible star makes fine tracking at short wavelengths more easily 
achieved than for most sources. The target stars are spread more or less uniformly over the sky, and 
while repeated measurements for confirmation are desirable, there is no particular constraint on time 
separation. Debris disk science does derive value from a long-lived observatory, however. Orbital 
resonance models predict structural changes (such as position angle of a resonance-driven clump) on 
a time scale of order that of the orbital period of the planet that determines the resonance, and we 
might hope to look for changes on this decadal time scale. One strong justification for observational 
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repeats of debris disk imaging on a time scale of years is that it allows removal of confusion by 
background galaxies which, at the µJy level, will be significant at 100 µm. Ideally, SAFIR would 
allow confirmation imaging on a time scale that would spatially resolve the proper motion of the 
system. For Vega and Fomalhaut, with motions of order 0.4”/yr, a several year baseline would 
suffice.  
 
SAFIR and the Role of Other Telescopes for Debris Disk Work 
Ground based submillimeter telescopes are now in the planning stages (e.g. AT-25, LST) that will 
offer 2” resolution at 200-350 µm, and a far infrared telescope that can achieve that performance 
would be well matched to these scientifically. The spatial dynamic range provided by this resolution 
on at least these stars offers a good match to the detail in debris disk modeling that is now being done 
– detail that would directly test current theories of planet stirring and resonant clumping. This 
resolution corresponds to a 10m-class telescope. As it turns out, this resolution is similar in angular 
extent to the exclusion zone of TPF-C, such that a 10 m SAFIR will be investigating debris disk 
structure in the same radial regions (if not at the same resolution) as TPF-C. 
 
ALMA will eventually allow us to image debris disks with an order of magnitude higher spatial 
resolution (10 milliarcseconds) than VLA and HST, in systems which are more than an order of 
magnitude fainter; i.e. it will be able to search for analogs of our own Kuiper Belt dust disk. The 
reason why (sub)millimeter observations of debris disks with ALMA are not sufficient is because 
spatially resolved images of the Vega disk taken by Spitzer have taught us that mm and mid/far-IR 
observations can be very different from each other, and both need to be considered in the 
interpretation of the system. Different wavelengths trace different particles sizes, giving 
complementary information about the dynamics of dust in planetary systems. Large particles 
dominate the emission at longer wavelengths, and their location might resemble that of the dust 
producing planetesimals; dynamical models show that the disk structure is more pronounced for these 
larger grain because the trapping in resonances is more efficient when the drag forces are small. The 
small grains dominate at shorter wavelengths, they interact with the stellar radiation field more 
strongly so that their lifetime in the disk is shorter, and therefore their presence may signal a recent 
dust-producing event (like a planetesimal collision). As noted above, flux levels near 1 mm 
wavelength for debris disks are much lower than in the far infrared, so even ALMA will be sensitivity 
challenged at these long wavelengths. 
 
About 15% of the Spitzer GTO programs, and two out of six Legacy programs are focused on the 
detection and characterization of circumstellar disks around nearby stars. Imaging and spectroscopy is 
used to study the spatial structure and composition of the disks, and the frequency and duration of the 
protoplanetary disk phase (constraining the probabilities and timescales for the formation of the major 
planetary bodies). The SEDs obtained with Spitzer are capable of diagnosing the radial distribution of 
dust, and in some cases they show inner gaps that may be the imprints of embedded giant planets. 
SAFIR, with its superior spatial resolution, will be able to build up on the Legacy of Spitzer by 
studying these potential planet-harboring systems in unprecedented detail. As mentioned above, 
debris disk structure is sensitive to the presence of long-period planets, complementing a parameter 
space not covered by other methods. It can therefore allow us constrain the orbital parameters of long 
period planets, which in turn determines the stability of orbits in the habitable zone of the star, where 
terrestrial planets could form and survive. In other words, the study of debris disk structure with 
SAFIR can help us identify the stars that could be potential targets for TPF/Darwin. 
 
KBOs in Our Own Solar System 
Individual KBOs in our solar system, with spectral peaks at 70-100µm, will be well studied with 
SAFIR. The prime task on the path to exploring this new frontier of planetary science according to 
the COMPLEX study is to document fully the chemical and physical makeup of the objects that 
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compose these trans-Neptunian region objects. In fact, the baseline SAFIR at 50-100 µm will be 
sensitive to populations of KBOs (~1 km at 35 AU, ~70 km at 100 AU) that are far smaller than can 
be detected by reflected visible light (~50 km at 35 AU). Surveys with SAFIR, or even just attention 
to the presence of moving objects at low ecliptic latitudes in deep SAFIR images, would dramatically 
enhance our understanding of the mass distribution and radial extent of KBOs. The baseline 10 m size 
for SAFIR is critical to these studies, as models of KBO evolution predict a break in population 
characteristics (e.g. Kenyon & Luu 1998 AJ 115, 2136) at diameters of order 10 km. While smaller 
infrared telescopes could in principle see such KBOs source confusion would dramatically 
compromise our ability to distinguish them. For this reason, the 10 m baseline aperture size of 
SAFIR, diffraction limited in a 2” beam at 100 µm, is needed. The small diffraction spot is also of 
value in mitigating the effects of strong zodi continuum emission at the low ecliptic latitudes where 
these sources are concentrated. It is worth noting that assuming that the size distribution can be 
extrapolated to 10km, the expectation value for such KBOs is about 0.3/arcmin2 . As a result, most 
low ecliptic latitude SAFIR fields will contain a detectable KBO!  
  
The motion of these KBOs across the sky is small, and a circular orbit at this distance would 
correspond to degradation of the diffraction spot in about five minutes of integration. The baseline 
SAFIR would achieve S/N ~ 100 broad-band on a 10 km target in this time, providing excellent color 
temperatures if observed in two bands. While a special moving source tracking mode is thus not 
particularly important nor challenging, this kind of motion allows for recognition of a KBO with a 
convenient observational cadence. Two consecutive five minute exposures with fixed source tracking 
would allow straightforward identification of a KBO, and distinction from background stars and 
galaxies. 
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IV. Relation of SAFIR to NASA Strategic Plans 
 
 
Linkages to the Roadmaps 
As detailed in Section II, SAFIR addresses multiple research areas that have been identified as 
strategic priorities for the agency. In doing so, SAFIR helps develop technologies that are enabling 
for high priorities in other research areas. While this strategic planning is ongoing, and evolves to 
keep up with new science questions and promising technological developments, the SAFIR mission 
has, from its conception, been motivated by science questions that are regularly at the forefront of 
strategic objectives for the agency. With dramatic advances in infrared sensor technology and cooling 
architectures, as well as the new far infrared science perspectives coming out of Spitzer, SAFIR 
represents critical science need being met by the technological capability to fulfill that need. 
 
The last cycle of strategic planning for the Office of Space Science articulated specific research focus 
areas that serve high priority strategic objectives. The Space Science Enterprise Strategy (2003)  maps 
these objectives directly to agency strategic goals, proving a sound foundation for investment 
planning. This document is based on strategic roadmaps from the Origins theme and the Structure and 
Evolution of the Universe theme, in which the SAFIR mission appears prominently in research focus 
areas (RFAs) that address these objectives. 
 
 
Objective 5.8 Learn how galaxies, stars, and planetary systems form and evolve. 
 

RFA: Learn how the cosmic web of matter organized into the first stars and galaxies and how these 
evolved into the stars and galaxies that we see today. 
 
SAFIR will map star formation and nucleosynthesis in the earliest galaxies. It will penetrate 
the dust that obscures this star formation, and trace stellar energy generation across the eons.  
 
RFA: Understand how different galactic ecosystems of stars and gas  formed, and which ones 
might support the existence of planets and life. 
 
SAFIR will reveal the detailed systematics of large scale star formation in galaxies. Within 
our own galaxy it will follow the distribution and chemical evolution of biogenic constituents 
such as hydrocarbons and water.  
 
RFA: Learn how gas and dust becomes stars and planets. 

 
SAFIR will track the collapse of interstellar clouds into protostars, peering directly into 
otherwise opaque cores to watch accretion and spinup happen. 
 
RFA: Observe planetary systems around other stars and compare their architectures and evolution 
with our own. 
 
SAFIR will map debris disks around nearby stars, looking for telltale spectral and 
morphological markers caused by planetary systems. Far infrared studies of these debris 
disks will characterize zodiacal composition, and will reflect on habitability of such planets by 
constraining bombardment scenarios. 
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Objective 5.9 Understand the development of structure and the cycles of matter and energy 
in the evolving universe. 
 

RFA: Determine how, where, and when the chemical elements were made, and trace the flows of 
energy and magnetic fields that exchange them between stars, dust, and gas. 

 
SAFIR will use fine structure lines to map the enrichment of heavy elements across the 
galaxy, developing a clear picture of galactic enrichment of light elements. With sensitive 
measurements of ionization states in light ions, SAFIR will accurately measure the luminosity 
and color temperature of massive embedded stars. 

 
In addition to explicit connections with high priority agency goals and objective, SAFIR will answer 
to similar science goals laid out in the Aldridge Report on the Presidents Vision for Space 
Exploration. In the last Decadal Report for Astronomy of the National Research Council (2001) 
Astronomy and Astrophysics in the New Millennium, SAFIR was identified as a high scientific 
priority for which investment should begin within this decade. 
 
SAFIR in the Context of NASA Space IR Astronomy  
Space infrared astronomy has had a rich history, and we wish to place the notional SAFIR concept in 
the context of these efforts. The 0.6 m diameter US-Dutch-British Infrared Astronomical Satellite 
(IRAS) was a pioneering cryogenic infrared mission that did the first all sky scan survey in the 
thermal infrared. It offered far infrared point source sensitivity of order 1 Jy, and spatial resolution of 
order 2 arcminutes at 100 µm, mapping 250,000 cosmic infrared sources and large areas of extended 
emission. The Infrared Astronomical Observatory (ISO), a cryogenic observatory also with 0.6 m 
aperture offered low resolution spectroscopy as well as array imaging, with diffraction limited 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure IV-1: A contextual timeline for SAFIR, showing relevance to other agency far infrared 
and submillimeter investments. Not shown on this plot for convenience are scientifically 
relevant missions at other wavelengths, such as JWST, Con X, and TPF. 

 
 (~50” at 100 µm) pixels. ISO was an ESA mission, but with participation from ISAS and NASA. 
With more modern detectors, ISO achieved photometric sensitivity of tens of mJy in the far infrared. 
These observatories, with the supporting role of the 0.9 m Kuiper Airborne Observatory for pointed 
observations of bright sources with higher spatial resolution, have largely defined thermal far infrared 
astronomy to date. It is these efforts, together with more specialized missions like the Submillimeter 
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Wave Astronomy Satellite (SWAS), which provided high resolution spectroscopy of sources in 
discrete spectral bands unavailable to ground-based telescopes, that help set the stage for SAFIR.  The 
most important far infrared mission to date is the Spitzer Space Telescope, launched in 2003.  With its 
large detector arrays and cold telescope, Spitzer is 2–3 orders of magnitude more sensitive from 3.5–
160 µm than any previous experiment.   
 
In the future, the Stratospheric Observatory for Infrared Astronomy (SOFIA), at ambient temperature 
with a 2.5 m aperture, will offer routine access to large parts of the infrared spectrum with 
challenging new instrumentation. The Herschel telescope, with a 3.5 m aperture, will expand far 
infrared capabilities dramatically, offering a clear view with sensitive arrays and spectrographs 
throughout the far infrared and submillimeter spectrum. The James Webb Space Telescope, with a 6.5 
m aperture cooled passively to 35 K, will offer dramatic increases in spatial resolution and sensitivity 
out to a wavelength of 30 µm. While this does not overlap in wavelength with SAFIR, it addresses 
many of the same science topics in different ways. The SOFIA and Herschel telescopes are not cold 
enough to enable background-limited performance in the far infrared, will not offer the spatial 
resolution now achievable in the ground-based submillimeter, and will not achieve the ambitious 
science goals that our community has posed for SAFIR. These missions will, however, leave a 
scientific legacy that SAFIR will be well poised to build on. 

 
 
 
Figure IV-2: The notional SAFIR 
mission is compared by wavelength and 
aperture diameter (which, in the thermal 
IR defines spatial resolution) with 
agency missions now in development. 
This figure illustrates the large capability 
niche that SAFIR will fill, and puts it in 
context with other investments. 
 
 
 
 
 
 
 
 

 
 
 

 
Figure IV-3: The spatial resolution offered by a 10m  
SAFIR at 100 µm is compared with other infrared  
missions. The background graphic is a simulation  
of the extragalactic sky at flux levels appropriate  
to deep imaging with SAFIR. 
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It is important to understand that SAFIR builds scientifically on the greater  mission investment 
portfolio of the Universe Division in its pursuit of priority agency goals. In fact, SAFIR is 
complementary to most major missions preceding it that would operate both in the infrared and in 
other spectral regions. A simple mapping of near term mission science through to SAFIR is illustrated 
in the sketch below. 
 

  
Figure IV-4: The relationship of key near-term major space astronomy missions in the NASA 
strategic plan to SAFIR in the contact of strategic planning goals. SAFIR builds on the science 
that these missions produce. 
 

 
SAFIR in the Context of International Partnership: European Status 
While not an explicit element of NASA strategic planning, it is recognized that a major mission like 
SAFIR could benefit strongly from close international collaboration. The European Space Agency has 
made important investments in far infrared astronomy, and  is currently defining the long-term plan 
for its science programme for the 2015-2025 timeframe through a community consultation process 
entitled Cosmic Vision, which began with a call for science themes in April 2004. This included two 
proposals, each subscribed to by over 130 European scientists, on the themes of “Galaxy Formation 
and Evolution” and “Star and Planetary System Formation”, both making the case for a future far 
infrared mission.  These themes were endorsed by ESA’s Astronomy Working Group (AWG) and 
selected for presentation at the Cosmic Vision community workshop in September 2004. 
Subsequently, the AWG has recommended that a far infrared mission be included in ESA’s future 
programme. 
  
The ESA AWG has recommended that initial studies should be carried out by ESA of both single 
dish and interferometer concepts, and the first steps are now being taken.  The ESA Advanced Studies 
Division will carry out an internal study between  now and mid-2006, in consultation with the core 
group of scientists who proposed FIRM in the Cosmic Vision exercise. It is anticipated that this will 
pave the way for an industrial study. 
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There is a large community of European astronomers active in FIR/submillimetre-based research. 
This community has access to, and has flourished through use of, ground-based facilities including 
JCMT, SEST, and IRAM and satellite missions such as IRAS and ISO - with Herschel, Planck, and 
involvement in Astro-F coming next.  The advances which Herschel will bring are eagerly awaited, 
but its inevitable limitations (imposed by the size and temperature of the telescope) are also 
recognised. Key examples of these limitations are the need for a cold telescope to achieve the 
sensitivity required for spectroscopy of distant galaxies, and the need to access the 25-100 µm region 
with high angular and spectral resolution in order to study the formation and evolution of planetary 
systems.  
 
The heritage of ISO, Herschel, Planck, and JWST-MIRI means that European laboratories and 
institutes have a wealth of instrumentation expertise that will be important to future far infrared space 
instruments, and, for the same reasons, European industry has developed much relevant expertise on 
the spacecraft side. Experience gained in building ISO, Herschel, and Planck instruments is likely to 
prove invaluable in designing spectroscopic and imaging instruments for future cold-aperture space 
telescopes, and this is therefore an area in which European laboratories will be well placed to 
contribute. It is notable that four of the five Herschel and Planck instruments involve significant 
participation from US institutes under NASA support, and that Europe has strong involvement in two 
of the three JWST instruments; so a tradition of fruitful collaboration on FIR space instrumentation 
has already been established between the US and Europe, which has been of great mutual benefit.   
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V. SAFIR – Uniqueness of Proposed Approach 
 
Science Objectives 
Our approach to a background limited single-aperture space observatory has been described carefully 
in the section on observatory architecture. Many implementations were considered, and the baseline 
design was selected as a strawman. Nevertheless, there are other approaches to the main science goals 
of SAFIR that can be considered. We believe that while these approaches can attack some of the same 
problems, they either do so in a way that is complementary to SAFIR, or in a way that is perhaps less 
costly, but much less productive. We address the scientific uniqueness of SAFIR with respect to the 
key science objectives listed earlier. 
 

• Probe the earliest epochs of metal enrichment and see the galaxy-
forming universe before metals. Understand the origin of dust in the 
universe. 

 
A cosmic background-limited far infrared telescope has the sensitivity to look for the pure rotational 
lines of molecular hydrogen at rest wavelengths of 28 µm and 12.2 µm. These are likely to be the 
main coolant lines of cosmic gas before the first stars form and seed the universe with metals. For 
galaxy-sized clumps of pure hydrogen gas at z=10-15, the large primary aperture of SAFIR is a 
requirement. For the earliest generations of dust in the universe, after the first episodes of star 
formation, thermal emission peaks in the submillimeter will reveal the first generation of dust. Again, 
a cosmic background-limited telescope with the collecting aperture of SAFIR is required to see dusty 
galaxies at large redshifts with luminosities like that of our own galaxy. While low frequency radio 
interferometers (e.g. SKA) will search for primordial 21 cm emission from hydrogen atoms, that does 
not distinguish warm material of forming galaxies. 
 

• Resolve the far infrared cosmic background - trace formation and 
evolution of starforming and active galaxies since the dawn of the 
universe, and measure the history of star formation. 

 
The history of star formation in the universe tells the story of nuclear enrichment and mixing. Star 
formation is invariably associated with clouds of dust and gas that can strongly obscure ultraviolet, 
optical, and even near infrared emission. Far infrared signatures of reradiated starlight from massive 
stars associated with star formation allows a relatively clear view into star forming regions, and 
spectroscopy with SAFIR will allow accurate determination of redshifts and distance scales for them. 
While ALMA will offer high sensitivity at long wavelengths, and greatly suppressed confusion limits, 
the opportunity with SAFIR to have large format arrays in the focal plane allows much more efficient 
surveying for relatively luminous sources. Half the energy in the universe comes out in the greater 
bandpass that is targeted by SAFIR.  
 

• Explore the connection between embedded nuclear black holes and their 
host galaxies. Understand the relationship of active nuclei to galaxy 
formation. 

 
Many nuclear black holes in galaxies are heavily obscured by dust, which is relatively transparent 
only at very long wavelengths, and hard X-rays. While the accretion process, which drives the 
luminosity that heats the inner regions of these galaxies, can be explored through X-ray line emission 
in the hot gas, the total luminosity is more precisely determined in the far IR. These wavelengths 
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provide a metric for the luminosity through thermalization by the refractory dust, which cannot 
survive at temperatures that would show thermal peaks at shorter wavelengths. Far infrared fine 
structure lines offer excitation diagnostics that allow luminosity from star formation to be 
distinguished from that produced by accretion. 
 

• Track the chemistry of life. Follow prebiotic molecules, ices, and minerals 
from clouds to nascent solar systems.  

 
Spectral features of biogenic-relevant molecules and ices are largely confined to the infrared part of 
the spectrum. While ground-based submillimeter telescopes can be used for many of these features, 
the unrestricted spectral coverage of SAFIR provides a much more complete picture, and the far 
higher spectral sensitivity of SAFIR allows probes of lower density scenarios. 
 

• Identify young solar systems from debris disk structure and map the birth 
of planetary systems from deep within obscuring envelopes. Assess their 
bombardment habitability. 

 
Resonance structures in debris disks will be detectable by a range of observatories. Large optical 
telescopes will be sensitive to scattered light from dense regions near the central star. Submillimeter 
interferometers will also be sensitive to inner solar system structure, and will be effective at resolving 
the finest detail. SAFIR will probe these disks effectively on a larger scale, larger than the primary 
beam of ALMA, for example, and with greater sensitivity to low level emission. This will be of value 
for nearby stars being surveyed by TPF.  
 
Complementarity of Interferometers and Single Aperture Telescopes 
It is important to understand the complementarity of infrared interferometers with single aperture 
telescopes, as both designs are represented in future mission concepts. The Decadal Report 
Astronomy and Astrophysics in the New Millennium recommended a “rational coordinated program 
for space optical and infrared astronomy [that] would build on the experience gained with NGST to 
construct [a JWST-scale filled-aperture far-IR telescope] SAFIR, and then ultimately, in the decade 
2010 to 2020, build on the SAFIR, TPF, and SIM experience to assemble a space-based, far-infrared 
interferometer.” The Submillimeter Probe of the Evolution of Cosmic Structure (SPECS), a 
kilometer-maximum baseline far-infrared interferometer with more challenging technical 
requirements, would build on SAFIR to more clearly exhibit structure in galaxies and protostars, and  
to more completely define evolutionary processes. In other words, SAFIR and SPECS fulfill 
complementary roles and will provide information vital to the attainment of major Universe Division 
scientific objectives. Concurrently with the SAFIR study, NASA also undertook a study of SPECS 
under the Vision Mission program. Throughout the study period, technical information was 
exchanged between the two study teams to maximize progress on both fronts. 
 
The Community Plan for Far-IR/Submillimeter Space Astronomy addresses practical issues associated 
with implementing the Decadal Report recommendations and gives the consensus view of the infrared 
astronomical community. The Community Plan recognizes the need for a structurally-connected far-
IR interferometer as a rational step toward the more ambitious SPECS mission, which requires 
formation flying. NASA selected the 1 m x 36 m baseline SPIRIT for study as such a candidate 
Origins Probe mission.  
 
SAFIR, SPIRIT, and SPECS share not only scientific synergy, but also a host of technical challenges. 
Most significantly, all three observatories require arrays of similarly sensitive direct detectors with 
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efficient readout electronics; they require 4 K optics and achieve this with a combination of multi-
layered sun shades, powerful and efficient cryocoolers, and sub-scale engineering tests to validate the 
thermal models that will be used to predict in-space performance; and they require mechanisms that 
operate at cryogenic temperatures and generate very modest parasitic heat loads. 
 
The far-IR missions SAFIR, SPIRIT and SPECS provide measurement capabilities which 
complement those of JWST and the Atacama Large Millimeter Array (ALMA). Key questions that 
motivate NASA’s Universe Division, such as “How do planetary systems form?” and “What is the 
history and fate of the Universe?” can only be answered with the full suite of observatories that 
embrace large collecting area as well as high spatial resolution. Collectively these telescopes will 
provide sensitive high angular resolution imaging and spectroscopic observations in the optical-to-
millimeter spectral range, and they will see nearly all of the energy generated in the Universe since 
the decoupling of radiation from matter. To help explain the importance of high-angular resolution 
far-IR measurements in the era of ALMA, we note that the rich spectrum of H2O emission lines is 
uniquely available in the far-IR, and that the spectral energy distributions of merging galaxies, 
protostars and protoplanetary disks, and exozodiacal debris disks all peak in the far-IR. Thus, for 
example, while ALMA will see the cold dust in debris disks, SAFIR, SPIRIT and SPECS will be 
needed to image the bulk of the emission. 
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VI. Space Systems Architecture and Implementation Approach 
 
Overview   
This Architecture Report provides a set of overviews of approaches for building SAFIR. The report 
develops a point design from the notional SAFIR concept. This point design is not exclusive, but 
allows us to have a strawman with which future studies can consider trades. These architectural 
considerations summarize the work that we have done during the course of this Vision Mission study, 
and bear strongly on the study-funded Team X and work done on our behalf by our industry partners. 
Earlier work includes, in particular, a 2002 IMDC/IMSL study on a SAFIR concept at GSFC, efforts 
on the DART architecture funded through JPL, and mirror technology work at MSFC. In this report 
we have attempted to integrate and distill these efforts. Our efforts have benefited strongly from 
Northrop Grumman, which was one of our designated SAFIR Vision Mission industry partners, 
bringing insights about large deployable structures and optical systems based on JWST engineering to 
our study. 
 
The common aspects of all SAFIR approaches are: (1) it is a ten meter deployable telescope; (2) the 
optics will be kept cold, ideally at 4K, presenting a serious technology challenge for thermal transfer 
and control; (3) to be that cold, the telescope is mounted behind a solar shield, while the spacecraft 
bus is mounted on the Sunward side; (4) the mission will launch into an orbit at Earth-Sun L2; (5) 
The mission would launch around 2020 with a minimum design life of 5 years and a 10 year design 
life goal. 
   
To fulfill the requirement of the purpose listed above, several design requirements from the SAFIR 
design parameters are relevant. These extend the notional requirements listed above in order to fully 
realize the science that those requirements dictate. 
 
Mission parameters for achieving SAFIR science goals are listed in the table below. 
 

Primary mirror diameter   10 meters  
Telescope temperature  Allowing cosmic background-limited 
Wavelength coverage   30 to 800 microns 
Angular Resolution   1'' at λ≤40µm, diff. limited at λ>40µm  
Science instrumentation   Camera and Spectrographs 
Mission duration   5-10 years 
Orbit   Earth-Sun L2  
Planned launch year   2020 (approximate) 
Pointing Stability 1’’ 3σ knowledge; 0.001’’/sec drift 

 
 
Some of the issues highlighted in our study, and identified explicitly during Team X impact the 
architectures; a representative list is included here for consideration when reviewing the various 
designs. Approaches to increase confidence in these technologies are presented in our Technology 
Roadmap section below. 
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• Thermal control 

o Maintaining stable temperature during measurements 
o Coordinating with thermal shields 
o Mechanical cooler technology and distributed cooling 
 

• Mounting, structures, and interdependencies 
o Interface between the payload and spacecraft 
o Complex movements and deployments, requires unique mechanical attachment 

techniques 
o Structure too large to test prior to launch 
 

• Sun shield 
o Deployment and deployed support structure 
o Stability of deployed structure (unsupported thin film exposed 5-10 years) 
o Thermal properties after deployment 
 

• Pointing constraints 
o Constraints are very challenging (few arc seconds) 
o Scan rates need to be very slow to minimize the settling time. First the spacecraft 

should be pointed and then instrument fine pointing would follow. 
o Long duration measurements at arc second constraints will be very difficult for the 

spacecraft to maintain. In other words, the spacecraft cannot tolerate significant jitter. 
 

• Dependence on JWST success and reliance on JWST analysis 
 
SAFIR’s current design focuses on the spacecraft’s instrument payload: a cryogenic telescope 
with a 10-meter single primary deployable mirror mounted behind a large radiating solar shield. 
The main spacecraft bus is mounted on the side of the shield opposite the telescope. The bus 
contains large cryocoolers to cool the telescope optics and the cold side of the shield. The 
telescope houses four instruments: an infrared (wide spectral band) camera; a low resolution 
spectrometer (LRS); high resolution spectrometer (HRS); and a heterodyne spectrometer (HET).  
 
SAFIR has benefited strongly from our decision to design the mission in such a way as to harvest 
the maximum amount of mission design from JWST. JWST heritage is traceable to many of our 
requirements, and technology drivers for JWST are in many respects enabling for SAFIR. 
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Single Aperture Far Infrared Telescope Architecture Concepts 
We list several designs for a single aperture far infrared telescope that have been evaluated over the 
years, in increasing level of technological ambitiousness. These designs all provide large, mostly 
filled apertures that maximize the collecting area of the observatory, and are intended to illustrate the 
breadth of architectures that have be considered. The first two designs flow into the baseline point 
design, described below, which benefits most strongly from JWST investments, and offer an 
observatory that builds naturally on the technical accomplishments required for it. The latter three 
concepts are much more technologically ambitious, and can be considered powerful notional 
scientific successors to the 2015-2020 SAFIR that we have been asked to study. 
 
1. Early SAFIR concepts were developed at NASA/GSFC using as a basis the Goddard Strawman 
Next Generation Space Telescope (now James Webb Space Telescope) designs. This design, 
produced in May 2002, is envisioned with an eight-segment petal deployment. (See Figure VI-1.) The 
overall diameter is 10 m and can stow/deploy easily from a Delta IV 5 m fairing, however there is 
some loss of collecting area at large radii. The sun shade is deployed using extending booms and tip 
spars. This version was described in a paper by Amato et al. (SPIE, 2003). A concept involving a 
larger number of smaller mirror substrates arranged in rafts is shown in Figure VI-2. 
 

 

Figure VI-1: SAFIR using an original JWST Strawman heritage, by GSFC. The broadly similar 
SAFIR concept developed at NASA/GSFC using the Northrop Grumman Next Generation Space 
Telescope (now James Webb Space Telescope) designs. In this version from July 2002, a table-
fold hexagonal primary with two hinge lines is used. The overall equivalent area is 10 m, is a 
filled aperture, and can stow/deploy easily from a Delta IV 5m fairing. This sun shade is deployed 
using a multiple fold strut system with tip spars at the ends. This design and the previous design 
maximize the reuse of JWST technologies. 
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Figure VI-2: SAFIR using a more recent JWST heritage, by GSFC. 

 
2. A novel concept of a SAFIR architecture using a sparse aperture design with the same area but a 
larger equivalent diameter, for higher angular resolution imaging (NASA/GSFC; c. Aug 2002). This 
is shown in Figure VI-3. The effective angular resolution is equivalent to a 16 m telescope. This 
primary mirror folds up into four strips, enabling an easy deployment of ~6 m-size segments. The sun 
shade design re-uses JWST heritage design, as in the previous figure. This design, along with those in 
Figures VI-1 and -2, were described in detail by Benford et al. (2004 Astrophysics & Space Science, 
294, 177). From a science perspective, while this telescope could, in principle, offer higher spatial 
resolution per unit mirror area and a circular aperture, complexities in the point source function for 
imaging fidelity, and the challenges that this design would lead to both in pupil baffling and aperture 
spectroscopy, make this design less compelling. 
 

 

Figure VI-3: Strawman SAFIR with a sparse aperture, by GSFC. This design offers extra aperture 
baseline at the expense of a filled circular aperture for the same equivalent mirror area. 
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3. Following on the earlier SAFIR designs, the Filled Aperture Infrared Telescope (FAIR) was 
posited as a far-stretch mission goal for a single aperture far infrared telescope, including especially 
ambitious reliance on the stacked mirror deployment strategy (see below) and generous extrapolations 
of capability in mirror area density technology (~ 5 kg/m2) to get a 30 m-class telescope to L2 with an 
EEL and autonomous deployment. Such a telescope could be considered to be on the technology 
development spiral that would follow both JWST and SAFIR, and focused technology development 
for SAFIR would be directly applicable to long-term implementation of a FAIR. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure VI-4. FAIR as a stretch goal for a SAFIR, making use of the extensibility of the stacked mirror 
deployment concept. 

 

 

Figure VI-5: SAFIR using a membrane mirror, DART-concept by JPL. 

 
4. One concept that departs from all other SAFIR designs is the Dual Anamorphic Reflector 
Telescope (DART), developed by team member Marc Dragovan at JPL with the support of Lockheed 
over the course of several years (this drawing dates from 2002). This approach employs a pair of 
tensioned membrane mirrors to yield a very low areal density. Each mirror is a parabolic cylinder, at 
right angles to provide a focus; as shown above, there is a third mirror to accommodate the necessary 
long focal lengths. Because of the large structure around this telescope, this design may also leverage 
in-space assembly, and was considered as a strawman observatory for the NeXT (NASA Exploration 
Team) efforts. DART is discussed by Dragovan et al. (2003 Proc. SPIE, Proceedings of SPIE, Vol. 
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4850, pp. 170-178) and the SAFIR community regards it with great promise for future large aperture 
space observatories, is reviewed in Appendix C in some detail, as it presents a convenient path to a 
very much larger single-aperture telescope. 
 
5. Another large far infrared telescope concept that is very different from other filled aperture designs 
is the refractive option developed by Tim Hawarden (UK ATC). Such a telescope is based on a giant 
diffractive fresnel lens, and as such, has technology linkages with similar efforts at shorter 
wavelengths being studied at LLNL. Such a lens could be composed of ultra high molecular weight 
polyethylene, which is largely transparent at these wavelengths (especially the submillimeter) and 
extraordinarily lightweight. Hawarden has proposed the Giant IR and Submillimeter Space 
Observatory (GISMO) as a 30 m telescope that would take advantage of this technology. The 
telescope would require precision formation flying of a primary lens spacecraft and a separate field 
optics collector-corrector spacecraft. At least on the basis of dispersive properties of well understood 
thin film substrates, a corrector that achromatizes the beam is required to achieve diffraction limited 
broadband. GISMO would use an f/100 lens, such that the spacecraft separation would be 3 km, with 
formation flying precision requirements of order 1 mm. As a thin film, deployment of the giant lens is 
a matter of unrolling and tensioning around the periphery. Passive cooling of the lens is 
straightforward with a JWST-like sunshield, as the lens material that has residual emissivity at short 
wavelengths. Of special importance is the fact that the optical tolerances of such a lens are 
extraordinarily modest, and diffraction-limited performance can be achieved with a flatness of +/-20 
cm across the aperture. Nevertheless, the field of regard of the observatory is very small, formation 
flying and pointing is a major challenge, and areal refractive homogeneity of candidate lens material 
is not well assured. While GISMO has relatively little technical maturity, we consider it a novel and 
creative approach to large far infrared telescopes of the future. At least for formation-flying and 
metrology precision, approximately requisite capabilities are considered vital to other strategically 
important missions./(e.g. TPF-I). 
 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

Figure VI-6. GISMO refracting telescope using a fresnel lens made out of a thin film membrane. 
 
5. With extra incentive from the Exploration Initiative which would involve the Moon as a testbed for 
Mars exploration strategies as well as for focused lunar science, proposals to site telescopes on the 
surface of the Moon have been resurrected. From a scientific and risk management perspective, we 
see little value for telescopes like SAFIR. Simply put, while the advantages of lunar siting over siting 
on the surface of the Earth are large because of vacuum, lower gravity, and more easily controllable 
thermal effects, they are in no way advantageous relative to sites in free space with zero-g, such as 
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Earth-Sun L2 in particular. Conventional arguments that anchoring on a solid surface simplifies 
tracking and pointing are antiquated by several decades of precision telescope orientation 
management in free-space that now use off-the-shelf hardware and software solutions. These 
arguments have been advanced by Lester et al. (2004 Space Policy 20, 99). While lunar polar craters 
appear to offer remarkably cold conditions that might be helpful for an infrared telescope such as 
SAFIR, such thermal conditions are more economically achievable behind a multilayer sunshield at 
L2, which is the baseline plan for JWST. Such craters would, however, be maximally inconvenient 
for astronaut access, whether just because of the ambient temperature and perhaps more seriously 
because the possibility of large amounts of cryo-condensed materials that would be evaporated by 
warm intervention agents. In short, lunar siting appears to offer mainly dirt and gravity compared to 
free-space, and neither is of value to large IR telescopes. It is important to understand that astronaut 
access in free space, whether in LEO, a lunar L1 gateway, or even at L2, is likely to be easier and 
present less risk than lunar surface operations. 
 
SAFIR and JWST – Seeking a Point Design 
In developing a point design for SAFIR, we have decided to focus on those that have the strongest 
heritage from JWST, with modifications to support the differing requirements of a larger, colder, 
longer wavelength observatory. While the DART and GISMO versions described above offer 
enormous opportunities to astronomy, especially for telescopes of much larger scale than SAFIR, we 
believe that the substantial technology development needed to pursue them and the likely requirement 
for a precursor mission to validate these technologies puts the large-aperture implementations of these 
designs in the longer term. Continued technology investments for far reaching concepts like these are 
strongly recommended as we work towards the most capable facilities.  
 
In this section we broadly address the key decision drivers and technology development foci for the 
SAFIR optical telescope system. Subsequent sections will address these in more detail. In summary, 
the three major SAFIR requirements that differ from JWST parameters are the size of the primary 
mirror, the colder temperature, and the longer wavelength range of operation.  
 
One of the immediate differences between SAFIR and JWST is that in order to achieve the ultimate 
sensitivity for the difficult spectroscopic observations planned for SAFIR, the telescope and other 
optics will have to be cooled below 10 K, well below the ≈35 K achieved by JWST's passively-cooled 
architecture. Both the GSFC IMDC and the JPL Team-X (see Appendix A) conceptual designs for 
SAFIR use cascaded cryocoolers to provide moderate cooling powers at 40 K, 15 K, and 4 K. The 
JWST-like sunshade is mounted on the 40 K stage, while a single additional layer of the sunshade is 
mounted on the 15 K stage. This sunshade provides an environment so well shielded from the Sun 
that only modest cooling is needed to cool the telescope to 4 K. While our study considered passive 
cooling opportunities to get below 35K, and there are design strategies that can assist that cooling, it 
seems clear that the SAFIR that we want will need active cooling to attain the needed sensitivity. 
 
 For JWST, there were two methods developed for packaging and deploying a large, rigid primary 
mirror: petal-like folding or drop-leaf-table-like folding. SAFIR is larger than JWST, the designs 
must diverge somewhat: a petal design will result in small notches around the outside of the aperture, 
while a table-fold design may have two small slices off the aperture edges. The GSFC SAFIR design 
is to reproduce JWST's approach, using a table folding. Other SAFIR options – particularly for a 
sparse aperture (Figure VI-4 above) – would use a petal fold. The design considered in our Team-X 
study assumed a turntable stacking. These packaging and deployment strategies are discussed 
individually in more detail below.  
 
The choice of optical surface is largely independent of the method of deployment and can be deferred 
until JWST has validated its technology. JWST has selected beryllium mirror substrates, but this 
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choice was largely dictated by the requirements for surface smoothness and scatter at the short 
wavelengths that JWST will operate at. Among the other mirror materials under consideration for 
SAFIR are carbon fiber mirrors and structure (possibly with glass face-sheets), C/SiC mirrors and 
structure and aluminum. Given that SAFIR does not require diffraction-limited performance at 
λ<40µm, one option is to duplicate the JWST mirror technology, but without the final polishing 
process, which adds substantial expense. It is clear that with reduced surface figure accuracy 
requirements for SAFIR, mirrors that are substantially thinner, lighter and less stiff than for JWST 
will be possible. Such lighter weight mirrors will be necessary to offset the ~2x larger surface area for 
the primary mirror, under the constraint of an EELV launcher capability. Especially because of it’s 
more challenging thermal goals, SAFIR design will require special attention to thermal conductivity 
at temperatures well below that of JWST. 
 
Another key technology involved is the method of phasing and controlling the mirror surface, which 
requires sensitive detection of position errors and precision actuation of the segments. SAFIR's longer 
wavelengths make this task roughly ten times less precise that for JWST, and the lower temperature 
will reduce thermal distortions that require JWST's mirror to be rephased periodically. It is likely that 
the mirror will need to be phased only once and left for the mission duration, but the actuators will 
probably still be needed as a contingency measure.  
 
While our study goal is to converge on a point design for the mission, our team is aware that the 
promise of important technology developments in these three areas needs to be weighed against 
wholesale adoption of designs and technologies that will be proven on JWST. While JWST provides 
a clear path to a low risk implementation of SAFIR, the promises versus risks of untested designs are 
considerations that we believe need to be carried forward for this Vision Mission. 
 
Optical Telescope Assembly Design 
The optical architecture for SAFIR was considered in our study from the perspective of the JWST 
optical system, which has been investigated and iterated in great detail. The design trades for SAFIR 
emphasized a long-wavelength, wide FOV imaging telescope. The trade started looking for about a 
0.5º diffraction-limited FOV at 30 µm with a 10 m aperture. A flat field was considered desirable, but 
not required. The possibility of a chopping secondary was not originally considered, but the ability to 
do slow secondary mirror is possible with any of the final designs. 

The a large number of design forms proposed over the past several decades were examined in a very 
rough way, including Cassegrains, Gregorians, several two-axis systems such as the Wilson and 
Delabre, Baker-Paul telescopes and variations thereon, off-axis three-mirror anastigmats (TMAs) 
such as the JWST design form, and Korsch’s double-Cassegrain and several other similar four-mirror 
telescopes with rather large fields of view. The study soon focused on four general types: 
Cassegrains, Gregorians, off-axis TMAs and on-axis four-mirror systems with mirrors only in the 
neighborhood of the primary or secondary. Simplicity soon reduced this to curved-field Cassegrains 
and Gregorians and off-axis flat-field TMAs of roughly the JWST design plus the most simple of the 
flat-field on-axis four-mirror designs. 

There were a number of deciding issues for selecting the baseline design: FOV, resolution, design 
flexibility, curvature of field, obscuration, baffling for stray light control, simplicity (fewest mirrors), 
manufacturability and compact size. All of the designs met the minimum FOV requirement of 0.15°. 
The TMA had the smallest FOV followed by the Gregorian, the Cassegrain and the four-mirror 
designs, which had decidedly the largest FOV. The best resolution was that of the four-mirror design 
and the TMA, with little difference between the Cassegrain and the Gregorian. Design flexibility, by 
which we mean the widest selection of f-numbers, field curvatures and other optical parameters was 
greatest for the Cassegrain followed by the Gregorian, while the TMA has a rather limited range of 
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useful designs. The four-mirror design, given the requirement that the mirrors lie close to the 
secondary and primary locations, had least of all. The only designs that achieve completely flat field 
are the TMA and the four-mirror design. The obscuration of the TMA is usually the smallest, 
followed by the Cassegrain and the Gregorian. The four-mirror system had perhaps an unacceptably 
large obscuration and there was very little design trade space to decrease it. Off axis systems will 
have the best stray-light control. In this respect the TMA is best because it is off-axis in field. We 
didn’t consider other off-axis designs as they increased the lateral size of the telescope or interfered 
with the deployment of the primary mirror if it were a segmented mirror. The four-mirror system can 
be very well baffled for an on-axis system, followed by the Gregorian with the Cassegrain clearly in 
last place. The Gregorian, followed closely by the Cassegrain, were the least complex systems and the 
easiest to manufacture, test and align. The four-mirror design has four powered surfaces, the 
secondary also being quite large and convex, while the off-axis TMA tertiary is more difficult to 
manufacture. The two designs are roughly equal in manufacturing difficulty but the TMA overall 
should be simpler. In overall size, the four-mirror design is short, but has a very large secondary. The 
TMA and the Cassegrain are about equally compact, but the TMA generally has a smaller secondary 
and a shorter back focal length. The Gregorian is longer than an equivalent Cassegrain and may not 
be that much less compact because it has a shorter back focal length. 

The four-mirror design was eliminated because of the large secondary and obscuration, as well as 
complexity. The Gregorian was eliminated in favor of the Cassegrain because of length, and because 
the longer back focal length of the Cassegrain could be accommodated in the instrument cavity using 
a reflective field splitter. The TMA is a closely competitive design to the Cassegrain, but the 
simplicity of the Cassegrain was favored generally over the TMA largely because of two other issues: 
flat field and stray light. We didn’t have at this point a requirement for a flat field, which is a quality 
of the TMA but not the Cassegrain. The stray light advantage of the TMA can be of importance if the 
celestial background dominates the telescope background, and this is the case for shorter wavelengths 
only depending on the telescope temperature. These are trades that require further study. Given this 
set of rough trades, we favored the simpler Cassegrain design. While the details are open to iteration, 
we present a reasonable point design below for a SAFIR baseline. 

 

For future trades, the most important ones are to decide if a flat field telescope is required and to 
examine the stray-light background for SAFIR. The issue of flat field performance, or more 
specifically the tolerance of the instrument designs for field curvature, needs to be examined by the 
instrument designers to produce some consensus for that specification. The stray light performance 
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needs to be revisited to determine if the SAFIR telescope would benefit significantly from better 
rejection design. This is in large part a thermal trade as the critical issue is the temperature of the 
telescope structure compared to the effects of the zodiacal light background. Early scattering models 
for JWST exist that could give a quick estimate of this, given temperature profiles of the sunshade 
and telescope primary mirror, secondary mirror and telescope structures. 

 

Figure VI-7: Layout for the SAFIR Cassegrain point design described by parameters above. 
This design offers fewer mirrors than other designs, ease of fabrication and alignment, and 
assuming the primary is imaged on the secondary, that latter mirror can be used as a chopper. 

 

Figure VI-8: Spot diagram for the SAFIR point design described above. Spots are shown as a 
function of field angle and are compared to the 30µm diffraction spot using the scale bars at 
bottom right. At left, the image is projected onto an optimally curved focal plane, and at right the 
image is projected onto a flat focal plane. A flat focal plane allows diffraction-limited performance 
over a much smaller field of view. 
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Primary Mirror 
The large primary mirror for SAFIR brings special challenges. We assume segmented primary, with 
several options for packing and deployment as detailed below. The semi rigid segments themselves 
have a high optical quality, and permit ground testing at 1 g before launch. In any packing scheme, 
the size of the segments is limited by the launch shroud size, but having the fewest number of large 
segments minimizes the number of actuators and associated cabling required for on-orbit figure 
maintenance. In other respects, we adopt a JWST-class architecture for the integration of the primary 
mirror in the telescope, and intend to benefit from investments in JWST mirror engineering wherever 
possible. 
 
By assuming a JWST class architecture, one can define mirror design parameters such as segment 
size, stiffness, dynamic survival, etc. The table below extrapolates some technical requirements for 
SAFIR in comparison to the requirements for the JWST and the achievements of Advanced Mirror 
System Demonstrator (AMSD) program. The Advanced Mirror System Demonstrator (AMSD) 
program was a collaborative project between NASA, Air Force, and NRO to develop lightweight 
mirror technology that would enable potential space optical missions for all three agencies. The 
relevance of this program to SAFIR technology development is detailed in the Technology Roadmap 
section. 
 

SAFIR Primary Mirror Requirements 
Parameter AMSD  

achievement 
JWST 

baseline 
SAFIR 

requirement 
Units 

Primary Diameter NA 6.5 10 meter 
Segment Diameter (FF) ~ 1.2 1.3 1.2 to 2 meter 
Area ~ 1.25 25 50 to 100 meter2 
Mirror Areal Density ~ 12 < 30 7.5 to 15 kg/m2 

Assembly Areal Density ~ 18 < 50 12.5 to 25 kg/m2 
Diffraction Limit ~ 0.6 2 30 µm 

Ambient Surface Figure < 0.02 NA NA µm rms 
Cryogenic Surface Figure < 0.200 < 0.024 ~ 0.25 µm rms 

Wavelength Range 0.6 0.6 to 40 30 to 800 µm 
Operating Temperature 30 to 300 < 50 < 10 K 
Areal Cost ~ $ 4M $3 to $4M < $500K $/m2 
Production Rate ~ 0.05 > 0.5  > 2 meter2/mo 

Segment Stiffness ~ 180 > 250 > 200 Hz 
Seg Dynamic Survival NA < 20 < 20 G’s 

 
SAFIR requires mirrors that can be either passively or actively cooled to an operating temperature of 
4-10 K in order to achieve cosmic background limited performance. Segment size and areal density 
are driven by aperture diameter, packaging configuration and launch ‘up-mass.’ A very important 
difference is that the diffraction limit for SAFIR is 20 µm versus 2 µm for JWST. This significantly 
relaxes the mirror surface figure requirement. 
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Technically, JWST (or AMSD) mirrors could be used for SAFIR. JWST has selected beryllium for its 
primary mirror – a material that has been demonstrated at 4 K on Spitzer. And, AMSD has already 
demonstrated both beryllium and ULE mirrors with the appropriate diameter, areal density and most 
importantly cryogenic surface figure. The cryogenic mirror figure achieved on AMSD completely 
satisfies the SAFIR requirement without the need for expensive cryo-null figuring (CNF).  
 
The problem for SAFIR is that the JWST primary mirror is anticipated to cost $3M to $4M per square 
meter and SAFIR will have twice to four times the total mirror area. SAFIR cannot afford a $200M to 
$400M primary mirror. Cost models indicate that the longer diffraction limit will reduce cost by 
approximately 3X. But, for SAFIR to be truly affordable, its mirror cost needs to be reduced from 
JWST by an order of magnitude. This will be achieved by a combination of new mirror substrate 
materials and fabrication processes. There are multiple candidates for both, such as silicon carbide or 
magnesium graphite, syntactic glass foam and replication or beryllium casting, gas infusion glass or 
reactive atomic polishing or magneto-rheological finishing. 
 

 
Figure IV-9: (left) Kodak waterjet cut AMSD ULE mirror (minus the 1 mm facesheet) and 
(right) Ball Aerospace lightweighted beryllium mirror. Each of these test mirrors are on a size 
scale of ~1m achieve JWST precision at low temperatures, and including mirror supports and 
actuators to allow that precision, achieve areal densities of less than ~15 kg/m2 . These AMSD 
mirrors show that technology to achieve SAFIR mirrors appears to be realizable. 

 
An issue related to cost is production rate. JWST will make 25 m2 of mirror in about 4 years. SAFIR 
requires 50 to 100 m2. JWST is solving its schedule problem by setting up 8 parallel production lines. 
If SAFIR were to start immediately upon the completion of JWST production (in approximately 
2008), sufficient learning may have occurred to manufacture 50 square meters of mirror in less than 4 
years. But, if there is any delay in starting such a production run then at least learning will be lost and 
maybe the entire production line. Thus, SAFIR requires a process to mass produce mirrors. 
 
Finally, a very critical issue is that JWST mirrors are too massive for SAFIR. Because SAFIR has 2 
to 4 times more area than JWST, its areal density must be 2 to 4 times lower. SAFIR requires mirrors 
that have an areal density of 7.5 to 15 kg/m2. AMSD has already demonstrated mirror substrates in 
the 10 to 12 kg/m2 region. As a point of reference, JWST fully intended to fly AMSD class mirrors. 
But, it was necessary to increase their areal density to both survive launch loads and to provide on 
orbit pointing stability. With SAFIR’s longer diffraction limit, pointing stability may allow some 
mass relaxation. And, SAFIR should be able to take advantage of a current Air Force program to 
minimize launch load acoustic loading. Or, there are alternate architectures that can better protect 
mirror segments during launch. 
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Currently, no mirror technology has been completely demonstrated (size, areal density, cryogenic 
performance) that can enable SAFIR at an affordable cost and schedule. Fortunately, a concerted 
effort is underway by the Space Technology Alliance Large Optics Working Group (NASA, Air 
Force, Army, NRO and DARPA) to fund via SBIR the development of multiple potential candidate 
space mirror technologies. Several of these candidate mirror technologies show promise of scalable to 
2 m diameters and achieving SAFIR specific structural, optical, thermal and programmatic 
requirements.  
 
We believe that the efforts to date show great promise for achieving the SAFIR mirror requirements, 
and that satisfying these requirements provides value to a host of high priority NASA space science 
missions. Our recommended strategy to move the technology from TRL 2 to approximately TRL 4-5 
is detailed in the SAFIR Technology Roadmap section below. 
 
Thermal Design Summary 
JWST will use an all-passive design to achieve a telescope temperature of ~35 K. This is a reasonable 
practical limit for a telescope relying on radiative cooling alone. Reaching the more challenging 4 K 
telescope and instrument temperatures requires better isolation from solar radiation and active cooling 
to get below the ~7 K ambient (non-solar) background at L2. The details of SAFIR thermal design are 
referred to only briefly here in anticipation of detailed development in  Section VII below for both 
telescope and instrument cooling. 
 
The dominant heat load on the SAFIR observatory is from the Sun; its light must be attenuated by ~6 
orders of magnitude in order to keep the telescope cold. JWST has designed a sunshade to attenuate 
this light by ~3.5 orders of magnitude, using multiple separated radiatively-cooled reflective blankets. 
This sunshade is deployed from the warm spacecraft, and radiatively cools until the inner layer is at a 
temperature of ~100 K in its warmest place. This “hot spot” is the dominant source of stray light at 
mid-infrared wavelengths. For SAFIR, the equivalent “hot spot” must be 15 K or colder, which puts a 
much greater burden on the sunshade. To meet this requirement, we have mounted a JWST-like 
sunshade on a 40 K actively-cooled stage. The sunshade's sunward side heats up significantly from 
40 K, but the inner layer is quite cold. An additional layer is added to the sunshade, mounted on a 
15 K actively-cooled stage. This layer reaches an equilibration temperature of around 15 K across its 
entire surface, and thereby prevents stray light from entering the telescope and reduces the radiative 
load on the cold portions of the observatory to an acceptable level.  
 
 Trade studies and thermal analysis have identified a few design features which improve the 
performance of a JWST-like sunshade. The spacing between sunshade layers will need to be 
increased slightly as compared to JWST's, to improve radiative cooling of the warmer layers. The 
extra layer on the cold side is mounted to the telescope tower further up from the spacecraft. The 
deployment of the sunshade layers will draw on the design used by JWST. The extra inner layer could 
use a simple separate deployment if necessary.  
 
 As previously mentioned, the sunshade is conductively cooled by a 40 K and 15 K mounting point, 
which is actively cooled by closed-cycle cryocoolers. An additional refrigerator cools the entire 
telescope and instrument volume (which has its own radiation shield) to 4 K. With the sunshade and 
cryocoolers in operation, a set of Continuous Adiabatic Demagnetization Refrigerators (CADRs) is 
sufficient to cool the instrument and telescope to 4 K and the detectors to the even lower temperatures 
they require. 
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Figure VI-10: Thermal design for SAFIR (observatory design of Figure VI-1 used for reference). 

 
Launch Packaging Options and Telescope Deployment 
A large design constraint for SAFIR is the packaging within an existing launch vehicle fairing, for 
which the largest existing diameter is 5 m. The size of SAFIR makes such packaging a key 
technological hurdle, without relying on in-space operations for deployment and assembly out of 
multiple launch payloads. Our study examined the potential for packaging a circular aperture 10 m 
telescope in this shroud, and considered the simplifications that would be possible with larger 
shrouds. Such larger shrouds have, in fact, been proposed for both Atlas V and Delta IV-H EELVs by 
their manufacturers as a realizable large-lift pathway. Such potential opportunities bear consideration 
given the large volume-to-orbit needs of the Exploration Initiative. We note that while servicing 
opportunities for SAFIR using in-space operations are highly enabling for the mission (see below), 
we envision entirely autonomous deployment of the observatory. 
 
It was found in the earliest SAFIR studies that the simple trifold arrangement with folds along 
segment chords that will be used to package the 6.5 m diameter JWST in a 5m fairing will not be 
adequate for a nominal 10 m diameter SAFIR primary. That is, a simple scaled-up version of JWST 
telescope architecture won’t fit in an EELV with an available fairing. Using similar hinge and 
actuator technology a more complicated multi-fold arrangement would suffice, as shown in Figure 
VI-11, but this would entail additional deployment risks, as well as somewhat less reliable 
performance under launch loads than for the trifold. 
 
Consistent with EELV manufacturer plans for commercially applicable fairing growth options, we 
investigated more conventional trifold packing strategies with other fairing sizes. Figure VI-12 shows 
that a 10 m SAFIR primary, assuming JWST-type architecture, could be fit in a 7.5m diameter 
fairing, which we understand to be the largest possible with exiting pad and infrastructure. It is 
noteworthy that with an existing 5 m fairing, our studies show that an 8.4m SAFIR could be fit with 
conventional JWST-style trifold packaging. 
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Figure VI-11: Alternative multifold packaging strategies for a 10m SAFIR in a 5m shroud. 
 
 

 

 

 

 

 

 

 

 

Figure VI-12: JWST trifold-packaged 10m SAFIR in a 7.5m evolved EELV shroud. 

 
A novel architecture that was considered by the study team is one that was developed for early JWST 
studies, and we regard such an architecture as being highly enabling not just for SAFIR but for even 
larger autonomously deployed space structures. In this design (see Figure VI-13), the primary mirror 
elements are deployed using a rotational-translational joint located at a corner of each mirror 
segment. This deployment scheme was demonstrated in the 1989-1992 studies for NGST by TRL 
(now Northrop Grumman), and is now known as the Rotating Stack Deployment System (RSDS). In 
this system, the mirror elements are stacked one above the other for launch, and then deployed on 
orbit by raising the six-mirror stack (in the case of SAFIR, with seven 3m hexagonal segments), 
rotating the stack 120º, and lowering it so the bottom segment can be latched to the central hex. This 
process is repeated with the remaining segments until all six outer segments have been lowered in 
place and latched onto the central hex. Simple design studies of this design have been undertaken 
and, with 10 km/m2 mirror substrates, a 2 m diameter secondary mirror with 13 m focal distance, in a 



 

   SAFIR Vision Mission 69    6-2005 
 

support structure with 3 actuators per mirror, a system mass of ~3500 kg is derived. Dynamical 
performance is good, with 0.1 degree/sec slews possible with minimal excitation of resonances. 
 
 This technology is scalable to larger segments (a maximum segment size of 4 m in a 5 m fairing 
would allow for a 12 m aperture), and is extensible to larger mirrors with larger numbers of mirror 
rings, though the deployment risk increases with the number of segments. This extensibility was the 
basis of the ~30 m FAIR concept (see above) for a single aperture far infrared telescope, in which the 
EELV shroud was filled vertically, as well as laterally, with very lightweight mirror elements. It is 
noteworthy that the stacked optics package in this design concept offers more resistant to launch 
loads than does the chord fold design. Such stacked mirror deployment is an example of the creativity 
that can be brought to bear in packaging a large, lightweight single aperture telescope in a 
comparatively small launch shroud, and such technologies can be highly enabling for large future 
space telescopes. 

 

Figure VI-13: Rotationally stacked mirror deployment results in high strength, compact launch 
package for SAFIR (at left). The sequence for primary mirror deployment is shown at right. 

 
In this design, the secondary mirror support structure consists of three telescoping tubes attached to 
yokes that fold out of the way during primary mirror deployment, and then rotate back to latch up to 
the primary mirror backing structure.  
 
 
Data Systems 
Data systems for SAFIR spacecraft operations can be baselined using JWST as a starting point. Data 
rates from SAFIR instruments are however, considerably smaller than JWST because of the smaller 
format sizes for detector arrays that are envisioned. These science data rates completely dominate the 
required bandwidth and storage requirements, and our baseline instrument suite allows us to target a 
data collection rate of about 927 kbps, including housekeeping and overhead. In order to 
accommodate a DSN downlink at least every four days (baseline calls for one contact every two 
days), this would require a conventional rad-hard solid state recorder with 280 Gb capacity. This is 
roughly five times smaller than JWST because, as noted above, of the smaller science arrays. We 
baseline the data volume for any two instruments as a maximum of about 70 Gb per day 
 



 

   SAFIR Vision Mission 70    6-2005 
 

Several telecommunication strategies are available, but we adopt the JWST baseline, which provides 
for X-band uplink at 2 kbps to the 2-axis gimbaled 0.5 m high gain antenna. Downlink would be by 
Ka-band to the high gain antenna, offering up to 30 Mbps performance. This would require 5 W of 
spacecraft transmitter power and would additionally offer simultaneous ranging data for 
stationkeeping maintenance. This would allow the solid state recorder to be completely transmitted in 
about an hour of 2-element 12 m DSN ground station connect time. Safe mode operations is 
accommodated by a low gain, omnidirectional antenna, which would provide for ~10 bps uplinks and 
downlinks. These are modest requirements, and assume communication technology available now. 
The operational framework for telecommunication is presented in the Operations section below. 
 
These modest data rates also allow confidence in using JWST heritage command and data handling 
system. These rely on standard spacecraft computers (2 for redundancy) requiring 14W of power. No 
new technology developments are required to meet any mission requirements for the data systems. 
 
Power System 
The power system for SAFIR is based on solar arrays with secondary batteries. The solar cells are 
assumed to be standard multi-junction InGaP/GaAs/Ge cells with 32% operational efficiency and 
85% packing factor, mounted on deployable rigid panels. We assume a buildup loss (wiring loss, fab 
mismatch) of 6%. These calls presently exceed the state-of-art somewhat, but represent a reasonable 
extrapolation to 2013 technology. Because the operational orientation of SAFIR is fixed to the Sun in 
order to achieve optimal thermal shielding, the logical place for such solar arrays is on the sunward 
side of the sunshield, as for JWST. It is noteworthy that as a result of this location, they do not have a 
rear view factor to space, so they can dissipate heat only from the sunward side. In addition, the 
panels are exposing to the spacecraft radiator panels. This results in an elevated 1 AU operational 
temperature for the solar panels of ~90C, which will cost several percent in performance compared to 
a less insulated arrangement that can more easily cool passively. The panels are assumed to be fixed 
in orientation relative to the sunshield and spacecraft bus. As a result of the baseline “wide” halo 
orbit, we assume that the array is canted at a ~20° angle to the Sun at any one time.  

Figure VI-14: The solar arrays deploy from a stowed position around the spacecraft bus above the 
interstage payload attach fitting, as shown in this sketch (in which the solar shield, which would 
be on top, is removed for clarity). In this version, we show radiators that would be used to dump 
electronics and cryocoolers heat as being deployables. Other configurations could have them as 
fixed on the bus wall. 

 
For a ten-year mission, array degradation and loss factors must be considered. We assume an end-of 
life efficiency degradation of 14% (BOL/EOL=0.86). Because of the small number of thermal cycles 
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(leading to structural fatigue) and minimal micrometeoroid losses, this degradation is dominated by 
radiation effects. 
 
While bare, and very thin Si arrays have been proposed, and offer substantially higher W/kg and 
lower $/W, this advantage is somewhat offset by their lower W/area leading to deployment 
complexities, and the fact that they are significantly less rad-hard. 
 
The power load for the observatory is dominated by the active coolers and, as a result, is strongly 
dependent on the efficacy of passive cooling and operational efficiency of the coolers. These are 
discussed in the thermal architecture section of the report, and we assume a baseline operational need 
(including contingency) of about 1300W. Our baseline operational mode is to have two of the four 
instruments powered up at any one time, and this allows for some economies on total load. 
 
The load breakdown, as a function of operating mode, are listed below, taken from the Team X effort 
(Appendix A).  
 

 
Meeting this total system load of 2866 W at EOL under baseline science operations can be achieved 
with a total panel area of about 12.5 m2 assuming solar cell characteristics listed above. Using state-
of-art technology would increase this by only about 12%. Redundancy is assured by additional circuit 
strings. 
 
Because of the stability of the spacecraft and solar panels with respect to solar angle, and an eclipse-
proof orbit, batteries are needed mainly for providing power during launch, before array deployment, 
and also to provide power during a safe-mode. We specify three 70 A-hr Li-Ion batteries, two of 
which (for redundancy) would provide launch loads, and the necessary three hour safe mode margin. 
 
Attitude Control System 
In order to fulfill the science missions of SAFIR, which include diffraction-limited performance over 
integration times of order hours, we require a 3σ pointing knowledge of 1”, with a pointing stability 
of 0.001”/sec. The ACS must offer full redundancy for the lifetime of the mission, and must offer a 
bandwidth an order of magnitude lower than the lowest structural mode. While gimbaled telescope 
deployment on a boom might allow for low frequency modes of high amplitude, there are strategies 
that can be used for active damping. Assuming an orbital venue that does not require rapid position 
changes, we assume that telescope slews will be slow enough to avoid exciting structural modes and 
to obviate the need for large angular momentum storage capabilities. The SAFIR ACS is intended to 
derive strongly from that developed for JWST and Chandra. Of primary concern for the ACS is that 
the Sun be kept behind the sunshield, with respect to the telescope, such that no parts of the telescope 
are ever in direct sunlight. While of less impact on the thermal equilibrium for SAFIR, both Earth and 
Moon should be kept behind the shield as well, in order to reduce scattered light. As noted above, if a 
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gimbaled design is used for SAFIR, it presents the operations plan with an opportunity to tune the 
center-of-mass of SAFIR to minimize solar torques, and even use those solar torques to dump angular 
momentum. Should it be used this way, this puts an additional constraint on the ACS, as the system 
will have to be aware of the changing mass balance in the spacecraft as a whole.  
 
We envision three control modes for the ACS. A Sun acquisition mode is provided by a set of Coarse 
Sun Sensors (CSS) with an associated Inertial Reference unit. These will drive the thrusters to null the 
roll rate and point the solar array at the Sun. This can be considered a safe-hold option, and it can be 
assumed that the telescope is locked to the spacecraft bus and solar shield when this is happening. A 
coarse science mode is needed for acquisition and target capture in the fine guidance system. We 
envision this as having an acquisition range of 1-1.5’. This is a 3-axis stabilized mode using a stellar 
reference. The star tracker and gyro are used for attitude determination. If the telescope is deployed 
on a gimbaled boom, both telescope and spacecraft will have to move independently to allow for 
coarse pointing at the target while keeping the Sun behind the shield. Slew rates and trajectories will 
be chosen specifically in order to reduce excitation of structural modes which would be difficult to 
damp. If the spacecraft and telescope can retain relative orientation to within the course science mode 
acquisition range, the star tracker for that can be on the warm side, and an off-the-shelf unit. 
 
The attitude control problem will be similar for all versions of the SAFIR design: the majority of the 
momentum storage will be located in the spacecraft bus, far away and well removed from the object 
to be pointed: the telescope. While, a gimbaled telescope design could substantially relax 
requirements on the size of the reaction wheel system and peak power requirements for it we have 
found that a non-gimbaled (JWST-like) observatory system would be quite feasible. A set of eight 
standard high torque reaction wheels, each with 0.7 Nm 20 Nms capability, would allow 2°/min 
slews, and offer redundancy for the ~5500 kg observatory and, with induced uncompensated solar 
torques, would require momentum dumping only once every few weeks. 
 
Based on the studies done at GSFC’s IMDC and (somewhat) independently at JPL’s Team-X, it is 
very likely that pointing drift errors between the spacecraft bus and the telescope will preclude any 
form of fine guidance being done from the spacecraft side. Hence, a focal plane guide camera will be 
used to provide fine pointing knowledge for the telescope, and control provided (at least for the 
majority) by wheels on the spacecraft bus. This places requirements on the stiffness of the structure 
connecting the bus to the telescope. We baseline a fine steering mirror on the telescope for the last 
stage of control. The gimbaled mount in which the telescope is deployed on an articulated boom 
allows more dimensions of freedom in attitude control, much of which is used to allow a large field of 
regard (roughly half the sky at any time) while maintaining ideal sun shielding conditions. 
 
Spacecraft Propulsion System 
Our study finds that SAFIR needs only a single mono-propellant chemical propulsion system for its 
operational lifetime of 10 years. It must provide trajectory correction maneuvers (TCM) over the ten 
year life of the mission up to a total of about 175 m/s. The following table summarizes the flight 
dynamics for L2 insertion (see also Figure X-5 in a following section). 
 
 Maneuver Allowance Date Purpose 
 TCM-1  (large halo)  <100 m/s launch + ~ 1 days  main trajectory injection 
 TCM-2 <15 m/s launch + ~7 days contingency burn 
 TCM-3 <10 m/s launch + ~60 days halo orbit insertion 
 Orbit Maintenance 50 m/s 5/yr * 10 yrs perturbations,  unload 

        TOTAL 175 m/s 
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We assume a hydrazine system with blowdown pressurization. This has been used successfully on 
spacecraft for many years, and so offers extensive flight heritage. It is a simple system in which 
helium is used to initially pressurize the fuel to ~400 psi, but does result in a slow decrease in feed 
pressure over the lifetime of the system as the fuel is used up, and the volume filled by the helium 
vapor increases. We specify a 3:1 blowdown ratio to ensure adequate performance over the lifetime 
of the mission. 
 
We see the main TCM burns as being done by ~5N 228 sec Isp monoprop thrusters, and we specify 
four of these thrusters. For ACS maneuvers and reaction wheel unloading, we envision 12-16 ~1 N 
monoprop thrusters. The burn allowance described above requires 550 kg of hydrazine in a four 
tanks, totaling 50 kg. These tanks are connected to a single feed manifold, and baselined as 
ultralightweight carbon with titanium liner. Such tanks are currently under development, and are 
baselined for the Mars Science Laboratory. The multiplicity of both thrusters and tanks assures 
redundance. 
 
The thrusters all fire away from the spacecraft to prevent contamination and, because of the sunshield, 
can only fire generally in the sunward direction. The very low temperature of the SAFIR telescope 
compared to JWST leads to some additional concerns about scattered plume contamination. The 
possibility of warm-side contamination of the sunshield, which must retain a high reflectivity in order 
to operate properly, is a concern that is shared with JWST.  
 
While cold helium gas thrusters would, in principle, be preferable from a contamination standpoint, 
the thrust per unit weight is much lower, and would require a several hundred kg increase in 
propellant mass. The low thrust budget required in the mission does, however, at least allow us to 
entertain the possibility of such a design. 
 
As noted above, if boom deployment of the telescope is used we see major benefits on propulsion and 
stabilization requirements. Much of the orbit maintenance propulsion budget is connected with 
unloading reaction wheels, and if the telescope is deployed in a manner that allows the center of 
gravity of the spacecraft to be shifted with respect to the shield, solar radiation pressure can be used to 
unload the reaction wheels, and the entire spacecraft can be balanced to reduce the necessary size of 
those wheels. 
 
Contamination Issues for SAFIR 
As a cryogenic observatory, in which molecular deposition is a risk factor for the optical system, 
contamination issues for SAFIR can be particularly acute. Many of these issues arose during the 
Phase A and early Phase B design of the James Webb Space Telescope (JWST) and are addressed 
here as an early “lessons learned” discussion. An important note about contamination control is that it 
is very much a systems-level discipline that does not stand on its own but is part of every subsystem. 
Contamination issues are raised both for assembly, I&T, launch, and in the operations phase, and are 
relevant both to the telescope structure and instruments. A key challenge is developing a 
contamination budget that takes into account both scientific and facility performance.  
 
The instrument contamination requirements are derived from the overall observatory throughput 
requirements, minus allowances for stray light and degradation with age. A contamination budget for 
IR instruments can be difficult to develop since the requirements vary significantly with the type of 
contaminant; a small amount of one contaminant can blind an instrument while a significant amount 
of another contaminant does not affect the operation at all. While far infrared operations are generally 
more tolerant of thin contaminant layers and dust grains, both for transmission and scattering, a full 
trade study will need to be made that takes into account all optical elements, with attention paid to the 
contamination potential for each. The goal of this trade study is to determine the allowable End of 
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Life contamination requirements for each element. Facility, purge, outgassing and personnel 
requirements will be derived from these numbers. SAFIR will need to carry individual budgets for 
particulate, molecular and, very likely, water ice. The overall contamination budget must be allotted 
over many years of assembly, I&T and launch operations (plus on-orbit operations for molecular 
contaminants), with consideration given to the potential “recovery” of surfaces by cleaning or 
bakeout.  
 
From a contamination control perspective, instrument doors are the first line of defense in an effective 
contamination control program. Doors protect the critical surfaces during ground and early on-orbit 
operations. Doors also affect the purge system design, as they help the instrument maintain a positive 
pressure with a relatively low purge gas flow rate. Since nitrogen is usually the purge gas of choice, 
the flow rate has personnel safety ramifications. Ideally, SAFIR instruments will be designed with 
doors. Because of concerns about mechanism reliability at extremely low temperature, it may not be 
possible to have doors on these instruments that are closed during launch. In this case, red-tag covers 
or Integration and Test (I&T) doors may be used to protect the optics and detectors. Contamination 
control during assembly, integration and test is planned carefully to minimize risk to the instruments. 
It is also desirable to be able to recover from a localized event by cleaning the surface. Therefore, 
access to the instruments (and the vicinity of other critical surfaces) is important  
  
In designing an observatory of this size, the need for access is often in direct competition with the 
science stray light budget and the requirement to control mass and size. A potential compromise is to 
have access panels in the instrument module and I&T doors on the instruments. I&T doors could be 
used as needed during assembly, integration and test, but remain open during launch and on-orbit 
operations.  
 
Material choices for this observatory will be key to the success of the mission. The issues will be low 
temperature performance and outgassing, including water content, versus mass. For JWST, the 
cyanate ester composite chosen for the structure has good performance at the required temperatures 
but is fairly hygroscopic; water is 0.15% of the total mass of the material. This amount of water added 
to the always-present water from MLI, paints and harnesses can lead to ice deposition in the typically 
closed environment in a telescope instrument module. Another challenge on JWST has been materials 
qualification. Many heritage coatings must be re-qualified at the low temperatures required for the 
JWST mission, as the existing data was often taken using liquid nitrogen-cooled systems.  
 
The SAFIR telescope will have an active thermal system in order to reach the required temperatures. 
The cooldown profile for the telescope will have a direct impact on the molecular deposition to the 
optics. Ideally, the structure should lead the way cold with the optical elements and detectors lagging 
significantly behind in order to prevent the outgassing species from condensing on the critical 
surfaces. Even small changes to the thermal design can create—or solve—a molecular deposition 
problem. On JWST, a change in the thermal strapping of the instruments, made to simplify the 
thermal system, eliminated the possibility of ice deposition to the detectors. The active thermal 
system may make it possible to have an on-orbit outgassing phase early in the mission. This would 
mitigate any risk from latent or absorbed contaminants, including water, in the observatory materials. 
This cannot take the place of component-level thermal vacuum bakeouts, but is still an effective tool 
in managing risk to the instruments.  
 
The I&T plan (see below) will also play a part in determining the detailed contamination budget. 
Each lift or move adds more contamination risk to the hardware than typical highbay operations. The 
thermal vacuum chambers, acoustic cells and vibration test facilities are not usually as clean and 
controlled as the environments in the highbay cleanrooms. Therefore, long test preparation times can 
add significantly to the contamination accumulated on the flight hardware. Cross-country transport 



 

   SAFIR Vision Mission 75    6-2005 
 

adds yet another layer of risk. The open telescope structure is not particularly amendable to 
contamination mitigation using a purge system. Regular cleaning of the telescope mirrors in the I&T 
system is impractical because of size. JWST is currently planning to place a HEPA filter bank near 
the optical telescope elements during assembly and I&T to provide the cleanest air possible around 
the optics, and SAFIR is likely to adopt that.  
 
Since SAFIR will not undergo thermal cycling on-orbit, the initial cooldown will be the critical 
period for molecular deposition. The prospect of a significant amount of water ice deposition came as 
a surprise to the JWST project. This potential problem was discovered early enough in the program 
that the solution could evolve with the telescope design. A significant amount of water ice deposition, 
mostly originating from the structure material was identified as a potential problem. This ice 
accumulated during the first few days of the cooldown. For SAFIR, several options exist, in addition 
to the ideal one, which would be to identify a structural material that did not absorb water. 
 

• delaying sunshield deployment to allow warm bakeout time--also delays primary mirror 
deployment and, at the time, limited cryogen life on one instrument 

 
• deploying the sunshield and then spinning the observatory to delay the cooldown—risky and 

limited cryogen life 
 

• adding active thermal control to create an outgas mode—too heavy and costly 
 

• adding small heaters to initially hold the instrument optics and detectors at a higher 
temperature than the structure—option chosen initially 

 
These options are still being evaluated for JWST, but we anticipate that the solution for JWST will be 
directly applicable to SAFIR, or at least direct our engineering efforts.  
 
At the low temperatures required by SAFIR, everything will condense except helium. It is possible 
that some otherwise benign species could cause problems. The JWST mid-infrared instrument, for 
example, noted a sensitivity to carbon monoxide and methane. The science team and contamination 
engineers will work together to narrow the field of potential problem contaminants.  
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VII. Thermal Architecture 
 
 
Principles 
 
The thermal architecture of SAFIR is a principal mission challenge, and we have separated discussion 
of it into this separate section from the previous section on more general architecture because of its 
importance. The key design principles for a cryogenic telescope in space have been well-
demonstrated by the Spitzer Space Telescope. They are: 
 

• Locate the telescope where it can be well-shielded from Sun and Earth 
  
• Require low power dissipation by the instruments 

 
• Design instruments so as to separate warm and cold elements; minimize heat transfer from 

warm to cold elements. 
 

• Use radiative cooling to the greatest extent practical; minimize active cooling 
 

• Use local active cooling to achieve temperatures below the radiatively-cooled temperature 
(~15 K) 

 
Underlying these principles is a simple fact: active cooling is very expensive, and complicated. 
Minimizing the active cooling needed in a mission reduces cost and risk. Implementation of these 
principles affects almost every aspect of the design of the full flight system to a greater or lesser 
degree, therefore thermal design drives flight system design. Application of these principles from the 
beginning of the design process will greatly enhance the success of SAFIR.  
 
In the following sections we describe a point design for the critical sunshade/passive radiator, and 
active cooling requirements for the telescope mirrors. The orbit and instrument cooling are described 
elsewhere (Sections VI and VIII). In this section, we assume a conventional design for SAFIR, with a 
JWST-like structure. The more complicated boom deployed structure described in Section VI can be 
assumed to offer significant thermal advantages over what we assume here. 
 
Passive Cooling for SAFIR Sunshield 
 
This section describes a point design proof-of-concept for the SAFIR sunshield, and the thermal 
performance predicted for that sunshield. Performance/design trades are indicated in cases of 
particular relevance to a detailed design, or where they indicate the need for technology development 
or for further coupled-model analysis. Results of the thermal—mechanical model analysis indicate 
that the sunshield performance can meet performance requirements through passive radiative cooling 
provided that the parasitic loads from wiring are minimized, but that increased lifetime of materials 
will likely be required to achieve the 10 year mission life. It is also found that active heat lift from 
portions of the shield mechanical structure can be of benefit in overall mission optimization.  
 
Significant effort has occurred and continues toward the development of a sunshield for JWST. In 
what follows we indicate how SAFIR expects to incorporate the JWST developments. In some cases 
the requirements for SAFIR exceed those attainable by the JWST design, so the lessons learned will 
be noted where they indicate that further development will be necessary or highly beneficial for 
SAFIR. 
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Requirements for SAFIR sunshield performance 
The SAFIR sunshield serves primarily to reduce the radiant flux from the Sun, Earth, and Moon, 
which would otherwise scatter into the optical beam, or heat the telescope mirrors above their 
required operating temperature. The sunshield peformance requirement can thus be expressed as the 
maximum amount of thermal power radiated from the telescope-facing side of the sunshield. This 
thermal radiation results in both stray light in the optical beam and heating of the telescope. 
 
Since the telescope will require active cooling to reach the required temperature of ~4 K, the impact 
of radiative heating of the telescope is easily calculable. While it is a significant factor in overall 
system design, the telescope heat lift does not yield a science-based requirement on sunshield 
performance, but simply indicates that a colder shield is better. Straylight considerations yield firmer 
requirements. 
 
The requirements derived from straylight source suppression depend critically upon the telescope 
optical design, and are thus difficult to quantify. By common consensus, a telescope-facing sunshield 
temperature of approximately 15 K, with an emissivity as small as practical, is expected to provide an 
acceptable thermal radiation environment for the telescope and instruments. For purposes of 
comparative studies, we take 15 K on the coldest shield to be the goal. Recognizing that all shields 
will exhibit thermal gradients across the surface, we define the “power-equivalent temperature and 
emissivity” for a shield to be the temperature of a greybody, of the same area and temperature-
dependent emissivity as the shield, which would emit the same total power as the shield. This single 
temperature-emissivity pair then characterizes the entire shield. Further refinement of the requirement 
could consider the radiation from each area element of the shield surface interacting with the 
telescope structure and surface, since the outer portions of the shield which will subtend larger solid 
angle are at lower temperature; but the telescope optical design is not yet mature enough to benefit 
from this level of detail. 
 
Description of SAFIR sunshield thermal-mechanical model design 
In what follows we describe a thermal-mechanical design which satisfies the requirements for a 
SAFIR thermal shield. The fundamental design is very similar to that of JWST; five layers of highly 
reflective material in a V-groove configuration, each layer successively colder from sun to telescope 
side, and each layer rejecting to space a large fraction of the heat it receives from the next-warmer 
shield. The inner section of each layer is fixed in position, while the outer segments of the shields are 
membranes, deployed via booms attached at the 300 K spacecraft, and tensioned using cantilevered 
spreaders. The deployed shields are similar to those of JWST; flexible and with very limited lateral 
thermal conductance. For this study, the shields are assumed thin enough that there is no temperature 
difference between the warm-facing and cold-facing sides of a single shield at any point, although 
each shield will have temperature variation across the surface.  

 
The deployment mechanism is essentially the same as that developed for JWST, scaled to the larger 
area of SAFIR. The deployment booms have optical properties the same as those of the sun-facing 
shield to which they are adjacent. The effect of occlusion of the sun-facing shield by the spacecraft 
bus and solar panels is assumed negligible, as the fractional area is only a few percent of the sunshield 
footprint. For definiteness, the sun-facing shield footprint taken to be 20 m x 40 m, deployed. The 
configuration analyzed has an angle of 5 degrees between shields, in a bookfold configuration; i.e., 
the stack has only one vertex, that being along the short axis, with a separation of 20 cm between 
successive shields at the vertex. Figure VII-1 shows the design of the JWST spacecraft and of the 
configuration chosen for the thermal-mechanical model whose performance is reported here. As noted 
above, for the purposes of this section, in order to most clearly benefit from JWST design heritage, 
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we assume the more conservative JWST-like design described in Section VI, rather than the boom 
deployed version. 
 
A mechanical strut structure extending from the spacecraft bus to the base of the telescope mounting 
attachment provides thermal isolation and mechanical attachment between the spacecraft and 
telescope, while carrying instrumentation, active cooling lines, and other infrastructure. This structure 
has the form of a hexapod terminated in rings on each end; the diameter of the structure is 2 m. For 
thermal modeling, the central 2 m x 2 m section of the shield assembly, occupied by the support 
structure, is fixed in position and is allowed to have much larger thermal conductance than the 
deployed membrane shields. Figure VII-2 shows the hexapod-and-ring support structure with fixed 
panels attached; the membrane sections are deployed outward from the fixed panels. 

 
 A     B 
  
 
 
 
 
 
 
 
 
 
 C 

  
 

Figure VII-1: Configuration of SAFIR sunshield panels for thermal analysis, and JWST current 
design. A: Five-shield stack in bookfold configuration: 5 degrees relative angle between adjacent 
shields, 20 cm spacing of vertices. B: coldest shield with telescope representative optical model. 
C: JWST spacecraft design, showing similarity with SAFIR sunshield thermal model. For SAFIR, 
the telescope mounting tower could differ significantly from that shown for JWST, perhaps being 
an articulated boom. 
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Following launch, the sunshield carry-through structure is required only to apply the loads associated 
with observatory operation: L2 orbit insertion, repointing, and stationkeeping. To reduce the thermal 
conductance of the carry-through structure, we have assumed that launch loads associated with the 
telescope and instruments will be not be applied through the sunshield structure, but via some 
detachable alternative path. Designing the structure to carry only the operational loads allows optimal 
thermal decoupling of the warm spacecraft from the cold telescope, and minimizes thermal parasitics 
between the sunshield layers. This is one example of how consideration of thermal issues at an early 
stage of design can achieve much better thermal performance than otherwise possible. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
   

Figure VII-2: Hexapod support structure for carrythrough of operational loads, showing inner (non-
deployed) segments of sunshields. Lower ring attaches to spacecraft, upper ring attaches to telescope 
support, inner segments of sunshields attach at intermediate connectors of struts. Modal analysis of 
first four modes of structure shows all modes are >10 Hz. Inner panel footprint is 2 m x 2 m. 

 
Using operational loads calculated from the Team-X study (see Appendix A), and assuming 
lightweight rigid sunshield panels for the inner 2x2 m of the sunshield structure, the strut dimensions 
and resulting thermal conductance for the carry-through structure have been calculated. It is found 
that standard composite materials (GFRP, CFRP) provide sufficient strength, rigidity, and thermal 
isolation for a workable design. Essentially, this shows that the sunshield thermal performance is 
dominated by radiative transfer between shields, and not by heat conducted along the structure. Since 
commonly employed materials provide adequate thermal performance, it is concluded that a sunshield 
structure for SAFIR can be constructed without further development of structural materials.  

 
The optical properties of the shields are of paramount importance to the thermal performance. The 
sun-facing surface of the warmest shield is coated with silver-teflon, which provides the best 
available ratio of solar absorbtivity and thermal emittance. Solar absorbtivity of 0.08 BOL, 0.23 EOL 
(5 years), with thermal emissivity of 0.88 unchanged, is typical. The degradation in solar reflectivity 
results in overall sunshield performance degradation of order 2-3 K at the coldest shield in 5 years; 
the change is roughly linear with time. Although the degradation could be partially overcome with 
increased active heat lift from the coldest shield, at least for conductive loads, the changed thermal 
environment at the outer shields is not easily mitigated. Thus the performance of the sun-facing shield 
over mission life is identified as an area in need of improvement.  
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Low emittance (high reflectivity) on all other surfaces, with the possible exception of the telescope-
facing coldest shield, is optimal for minimizing radiative transfer. Thermal modeling assumed 
emittance of all sections of the shields as given by the Hagen-Rubens relation for emittance as a 
function of temperature, with emittance consistent with reported values. Again the degradation over 
time and exposure to the L2 environment will impact sunshield performance. JWST should provide 
some measure of the expected performance, but the degradation of deployed sunshield thermal-
radiative characteristics must also be considered an area in need of better understanding.  

 
The JWST sunshield development will provide considerable advancement in materials and coatings 
required to enable cryogenic observatories to last more than 10 years in space. In addition to the 
deployment models, non-linear analyses of the sunshields shape and dynamics, the JWST project has 
modified several facilities around the country to enable qualification of the sunshield to the unique 
low energy plasma and micrometeoroid environment of L2. These developments will be tracked by 
the SAFIR team and incorporated into the design. We expect to incorporate significant heritage from 
the JWST effort into the design, testing, and validation of the SAFIR sunshield. 

 
Sunshield thermal performance predictions 
Results for the temperatures of the sunshield layers under various conditions are shown in Figure VII-
3. The temperatures and emissivities are the “power-equivalent” values, as described above. 
Temperature profiles for the coldest, telescope-facing shield (“Shield 5”) is shown for each case. In 
all cases the thermal conductance of the deployed membrane portion of each shield is zero, while the 
conductance of the fixed inner segment is determined by the materials chosen. Results for both an 
aluminum-faced honeycomb panel and a zero-conductance panel are shown for comparison.  
 
The effect of a high (0.8) emissivity on the telescope-facing side of Shield 5 is also shown, for 
comparison with the low-emissivity (~0.013) case. High emissivity on the telescope-facing surface 
results in a decrease in temperature, but an increase in the total radiated power toward the telescope, 
along with a shift in the wavelength of that power closer to the center wavelengths of interest.  
 
Conclusions from thermal performance predictions of SAFIR sunshield model 
The primary conclusion to be drawn from the thermal-mechanical model results is that radiative 
cooling alone is probably sufficient to achieve the thermal performance required of a sunshield for 
SAFIR, provided wiring loads are minimized. In more detail: 

 
1. Mechanical structures fabricated of materials commonly utilized for space applications have 
strength-to-thermal conductance ratios compatible with the requirements. 
 
2. The optical properties of deployable sunshield materials, for example aluminized Kapton, 
provide adequate decoupling of adjacent shields and rejection of radiation to space to achieve 
an effective 15 K low-emissivity (<0.015) telescope-facing coldest shield. 
 
3. Lateral thermal conductance in the deployed sunshields is not required to meet the 
performance. The same is true for distributed heat lift from the shield surfaces. Models indicate 
that non-vanishing conductance or distributed heat lift would be beneficial, but not necessary. 
 
4. Lateral conductance in the fixed segments of the sunshields, i.e. in the central 2 m x 2 m 
area, is not necessary to meet the temperature requirement, but is beneficial in extracting heat 
conducted along the support structure, and rejecting it to space. With modest conductance of 
the inner shield segments, and the shields coupled to the structure at the points of penetration, 
the coldest shield and support structure meet the temperature requirement with margin. 
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A. Fixed inner segment is 0.020 cm aluminum (two face sheets on a honeycomb core) 
 
 
 
        
 
 
 
 
 
 
B. Fixed inner segment has zero thermal conductance. Average shield temperature is lower because struts to not 
thermalize at shields. The struts are visible as hot spots at the points at which they penetrate the shield. 
 
 
 
 
 
        
 
 
 
 
C. Fixed inner segment has zero thermal conductance. Telescope-facing side of Shield 5 has emissivity fixed at 
0.80. Average shield temperature is lower compared to b) because the average emissivity is increased, but the 
power radiated toward the telescope is increased due to zodiacal input, and is shifted to longer wavelength.
 
 
 
 
 
 
 
 
 
 
 
 
 
 

D. Power spectral density radiated from the 
telescope-facing side of Shield 5, for cases B and C. 
Red curve is E=0.013 (case B), blue curve is E=0.80 
(case C), for telescope facing side of Shield 5. The 
data are calculated for one particular configuration of 
sunshield. The emissivity of the warm-facing side of 
Shield 5 is temperature-dependent, but nearly equal 
in both cases. The power radiated toward the 
telescope is larger for case C due to higher emissivity 
and increased absorption of zodiacal background. At 
this temperature the power absorbed from the 
zodiacal background is a significant contribution to 
the Shield 5 temperature. 

Figure VII-3: Temperatures for the SAFIR sunshield layers for various configurations. 

Case A T_shield  
[K] 

E_shield 

Shield 1 279 0.056 
Shield 2 145 0.041 
Shield 3 69.1 0.029 

Shield 4 28.8 0.019 
Shield 5 14.0 0.013 

Case B T_shield   
[K] 

E_shield 

Shield 1 279 0.056 
Shield 2 145 0.041 
Shield 3 69.1 0.029 
Shield 4 28.4 0.018 
Shield 5 13.3 0.013 

Case C T_shield   
[K] 

E_shield 

Shield 1 279 0.056 
Shield 2 145 0.041 
Shield 3 69.1 0.029 
Shield 4 28.4 0.018 
Shield 5 7.3 0.80 
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The JWST sunshield design will provide extensive heritage in materials, deployment, and 
performance validation, albeit to higher temperature than SAFIR. By considering the thermal 
performance as part of the overall mechanical design of the entire system, many of the limitations of 
the JWST design can be overcome. In particular, the sunshield core area design must provide for 
interception of heat conducted along wiring from the warm (300 K) spacecraft bus, along the 
sunshield structure, to the telescope and instrument package. Designing the instruments to minimize 
wiring loads will benefit the overall performance. Thermalization of wiring bundles at each shield 
may allow the conducted heat to be radiated to space without serious degradation in the shield 
performance. If the conducted loads prove too large, thermalizing the wiring harness at the precooling 
temperatures of the active coolers (addressed later) is an attractive option; this is likely to be 
technically easier than active cooling of the shields themselves.  

 
As indicated above, the requirement on temperature and emissivity for the coldest shield is not yet 
mature. Should the requirement become more stringent as optical analysis of the telescope matures, it 
is possible to extract heat from the central section of the coldest one or two shields with an active 
cooler, which would result in an overall reduction in the coldest shield temperature. The two coldest 
shields central sections typically have temperatures of ~40—45 K and 19—22 K, depending upon 
other conditions; these temperatures are well-matched for performance improvement with the two 
precooling temperatures of the ACTDP coolers; 35 K and 15 K. More details on the active cooling 
are available in another section. 
 
It is worth noting that the straylight scattered into the beam from this open-planar sunshield design is 
significantly less than for a more tightly-shrouded telescope. Since the shield surface is itself a source 
of straylight, the smaller solid angle subtended by the open-planar sunshield results in less scattering 
into the optical beam. The open design of sunshield is also more compatible with an off-axis 
telescope configuration, which is itself superior as regards straylight.  
 
Active Cooling for the SAFIR Telescope and Instruments 
 
In this section we consider the requirements on active cooling of the SAFIR telescope, both for heat 
lift from the mirror and heat rejection from the active coolers, and describe multiple options for 
achieving the 4 K telescope temperature. 
 
Thermal emission from the telescope optical surfaces is a source of photon noise for the instruments; 
it must be small enough that it does not compromise instrument sensitivity. The benefit of decreased 
telescope temperature is seen in Figure VII-4, which shows the increase in telescope size required to 
maintain a fixed signal-to-noise ratio over the wavelengths of interest, as the telescope temperature 
increases. The same S/N can be achieved at higher temperature only by increasing the collecting area, 
which very quickly becomes prohibitive (note that the vertical axis in Figure VII-4 is telescope 
diameter, not area). For the faint targets and long wavelengths of interest for a 10-m diameter SAFIR, 
there is clear benefit in cooling the telescope to ~4 K, but limited gain in cooling the telescope 
further. This is then the selected requirement on the temperature of all telescope elements, and of any 
structural components in the beam. Active cooling of the telescope is needed in order to reach 4 K, as 
this is below the temperature attainable through radiative cooling.  
 
Observing techniques which make use of multiple sections of the telescope surface impose limits on 
the variation in temperature across the aperture. Uniformity in telescope temperature to 0.1 K across 
the 10 m primary aperture is the accepted requirement. Similar requirements will exist for subsequent 
telescope elements, but will be more difficult to meet on the primary.  
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Instruments for the far-IR will require cooling of the surroundings and internal optics, to temperatures 
of 4 K and below. While these requirements are not yet well-defined, it is assumed that whatever 
techniques are employed to cool the mirror will also be applicable to the instruments. Cooling below 
4 K, while necessary for instrument performance, is not addressed as part of this section aside from 
recognizing that whatever system provides cooling to the telescope can also provide precooling for 
the instruments and surroundings. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure VII-4: Diameter factor for constant S/N versus SAFIR telescope temperature, for 
wavelengths of interest to SAFIR. Calculation assumes telescope emissivity of 0.05, and zodiacal 
background from a simple model of Lockman hole values [following E. L. Wright, IAU 
Symposium on Extragalactic IR Background, 2000] 

 
Prior telescopes which have required cooling to 4 K and below (Spitzer, COBE, ISO) have all been 
less than 1 m in diameter, and have been cooled by expendable cryogens surrounding or cooling the 
telescope directly. This approach is physically impractical for a 10 m SAFIR, and unacceptable for its 
life-limiting use of cryogens. SAFIR will likely be the first telescope to utilize active mechanical 
coolers to reach the temperature required for far-IR instruments. Development of mechanical 
cryocoolers capable of providing 4 K at a telescope which is remote from the high-power components 
of the cooler is an enabling technology for SAFIR. The Advanced Cryocooler Technology 
Development Program (ACTDP), funded by NASA’s Navigator program and administered through 
JPL, has produced promising results along the path to such coolers, but more work, in particular for 
lower temperature and deployment of remote cold heads, is required. In this area JWST, which has 
recently decided to utilize a remote cold-head mechanical cooler to cool its mid-infrared instrument to 
below 7 K, is expected to provide significant experience to SAFIR. 
 
The 10 m diameter SAFIR telescope will clearly require deployment following launch. Several 
deployment options are available for a 10 m diameter primary mirror, as is discussed in Section VI on 
Architecture and Implementation, but irregardless of which method is selected, the individual 
segments are likely to be substantially thermal isolated from each other to allow for deployment, 
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surface figuring, and alignment. Each segment will thus require attachment to a source of cooling. 
This would certainly be the case for the multifolded and rotationally stacked deployment schemes, 
and probably also for a JWST-like chord-fold. If a DART-type multi-membrane design is employed 
with metallic membranes, thermal conductance of the membrane will be large enough that a small 
number of heat exchange points on the frames will suffice. For membranes with very low thermal 
conductance, a design with high-emissivity coupling between the reflector back surface and a 
conductive layer in proximity will provide cooling, again with multiple heat exchange points to the 
conductive layer.  
 
Thermal radiation from the sunshield to the telescope is the largest source of heat into the primary; 
the thermal load is significantly larger on the portion of the telescope closest the sunshield. The 
current baseline design of the SAFIR telescope calls for articulation of the primary relative to the 
sunshield, which will result in significant variation in the thermal loading across the primary mirror 
with repointing. Development and demonstration of a system for extracting heat from multiple points, 
at well-controlled temperature and under varying thermal loads, is thus a critical technology need for 
SAFIR. The number of heat lift points will likely exceed 10 (at least 7 for the primary, one for each of 
two additional monolithic mirrors, and one for the instrument package), and could easily exceed 20 if 
more segments and structure must be cooled. Most cooling locations will require the some sort of 
deployment of a cold head, so development of deployable heat exchangers must be an integral part of 
the development effort.  
 
As noted, active cooling of a telescope has not previously been required; the JWST telescope will 
reach ~35—45 K through passive radiation, and Spitzer attains <5 K via stored cryogens which are 
not available for SAFIR. COBE and ISO cooled to ~2 K by surrounding the mirror with a cryogen 
dewar; neither the cryogen nor the structure are workable options for SAFIR. Active cooling of a 
telescope to 4 K will thus require new techniques for reaching 4 K, deploying the cooling sources to 
multiple points of the telescope, and maintaining both the temperature and uniformity under time-
varying thermal loads. In what follows we describe a cooling system to meet these requirements, and 
the developments needed to develop and demonstrate this system. 
 
Forced flow cooling loop for telescope  
The system under consideration is a forced flow loop of cryogenic helium at 4 K proceeding in series 
through several heat exchangers. Several design options are available: the flow can be two-phase 
liquid plus vapor on the saturation curve, single-phase vapor, or single-phase liquid maintained above 
the saturation pressure. The first option is selected for primary consideration, since it provides some 
advantages for thermal control; but all three options will be discussed. More than one circulation loop 
with multiple heat exchangers can coexist as needed, but for simplicity we will discus only one loop, 
as is shown schematically in Figure VII-5, for a segmented primary and for a radiatively-coupled 
membrane.  
 
1. Two-phase saturated fluid loop: The helium flow will be driven by a compressor similar or 
identical to the ACTDP J-T compressors, residing on the warm spacecraft bus. The flow pattern is 
illustrated in Figure VII-5. The input flow can be separate from the ACTDP cooler, or it can be the 
flow through an ACTDP-type cooler operating in the 2-phase regime, in which case this cold end 
would be an extension of the ACTDP single cold finger. In either case, the output of the J-T is 
saturated liquid + vapor 4He at 4 K. This flow proceeds by pressure and viscous drag through the 
piping to the heat exchangers, where heat is absorbed at constant temperature by evaporation of 
liquid. Since all evaporators (heat exchangers) are at essentially the same pressure, the temperature is 
the same at all points, ensuring temperature uniformity across the multiple segments of the aperture. 
Since the quantity of heat absorbed at any evaporator is exactly the amount required to cool the 
attached segment to 4 K (since the liquid and vapor are on the saturation curve), differing thermal 
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loads on different segments have no effect on the local temperature. This design provides automatic 
load balancing, as is needed for example when repointing moves one segment closer to the sunshield. 
By contrast, in a single-phase flow loop the fluid increases in temperature as heat is absorbed, so 
some means of ensuring constant temperature with load changes would be required.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure VI-5: (top) Schematic diagram of forced flow cooling loop for SAFIR telescope cooling. 
(bottom left). Forced flow loop with precooling, J-T expansion, and liquid evaporators; also 
shown is cooling loop attached to 7-segment primary mirror. (bottom right) Cooling loop on a 
DART-like structure with radiative coupling of membrane to cooled surface. 

 
The 2-phase fluid loop requires that pressure in the return line be slightly less than 1 bar, to achieve 4 
K in the saturated liquid. This pressure is lower than is currently used in the ACTDP J-T 
compressors, for which the recovery pressure is ~2—4 bar. Other compressors can function at this 
recovery pressure, but some development of the compressor system is likely to be necessary to 
demonstrate a flight-qualified system. 
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2. Single-phase, supercritical vapor flow loop: Figure VII-5 also illustrates this option, with the 
differences being that the output flow is supercritical 3He rather than two-phase 4He, and that the heat 
exchangers are transferring heat to vapor, not acting as liquid evaporators. This is probably the 
cooling technology closest to maturity, with only the change to 3He and some changes to the heat 
exchangers being required. The most significant difference is that the temperature is no longer 
constant at all the heat exchangers; instead it increases with heat absorbed, which could change with 
repointing and other operational changes. Multiple flow loops, with flow adjusted to maintain 
temperature, could solve the problem at some cost in system complexity.  
 
3. Single-phase, supersaturated liquid flow loop: Again Figure VII-5 illustrates the essentials, with 
some changes. In this case the J-T restriction would become a condenser restriction, with precooling 
to ~4 K by the ACTDP single-point cold end resulting in 100% liquid 4He outflow. Pressure in the 
output line is maintained above saturation pressure, so the heat exchangers and return line can be 
smaller than in the other cases because the fluid is more dense. The problem of temperature 
increasing with heat absorption is greater for this case because the heat capacity of the liquid is less 
than that of the vapor, but detailed system design would indicate which approach is preferred. 
 
The two-phase forced flow loop design is based upon JPL’s experience with the Planck Sorption 
Cooler, which employs two separate heat exchangers in a series loop, with saturated hydrogen as the 
working fluid. While the temperature and fluid differ, the engineering considerations of zero-G fluid 
flow and heat exchange are similar; however, the engineering challenges are not to be minimized. 
Whether the automatic load-balancing offered by the 2-phase system outweighs the simplicity of a 
single-phase system will be determined by the detailed design. In sum, any of these flow loop 
approaches can yield the temperature and uniformity required for SAFIR, but all require some 
development in the 4 K cooling system and in heat exchangers compatible with the telescope, 
deployment, and zero-gravity operation. 
 
Deployment of forced fluid loop for telescope cooling 
Deployment of the fluid loop occurs in the same way as that for the wiring for mirror segment 
adjusters, micropositioners, and instrument cabling. For example in the case of the rotationally 
stacked deployment, the two flow pipes (input and output, which are likely to be coaxial) would be 
bundled with the cabling, and would experience an uncoiling of 300 K at several locations, as the 
mirrors pivot at vertices. The pipes can be flexible enough that this will not require development 
beyond current capabilities. As noted above, JWST has recently decided to employ an ACTDP-type 
cooler in the Mid-InfraRed Instrument (MIRI); while this cooler will provide cooling via a single 
deployed cold head, to an instrument rather than a telescope, still the experience gained will be of 
considerable benefit to SAFIR. 
 
Thermal modeling has indicated that 1 m diameter mirror segments of Be, SiC, and CVD-
encapsulated Si foam and SiC foam (see Sections VI and XV) all will likely possess adequate thermal 
conductance that only a single heat exchanger on each segment will be required for temperature 
uniformity. For larger mirror segments, or segments with poorer thermal conductivity, multiple heat 
exchangers per segment can be used to reduce gradients. 
 
 
Consideration of alternative cooling distribution techniques 
Several alternative methods for removal of heat from the telescope elements have been considered, 
but do not appear to be preferable; they are discussed below. 
 

1. Heat pipes: Flexible, capillary-pumped heat pipes could in principle connect from a single 
ACTDP cold finger to all other points requiring cooling, and do so at a nearly constant 
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temperature. However, heat pipes operating at 4 K are far from a mature technology, they are not 
as flexible or lightweight as the piping for a forced flow loop, and the material properties of liquid 
helium are highly unfavorable to the fundamentals of heat pipe operation.  
 
2. Mechanical conductive straps connecting to a single cold finger, while mechanically simple, 
would be significantly more massive than heat pipes and possibly no more flexible when the 
same performance was achieved.  
 
3. ADRs (Adiabatic Demagnetization Refrigerators) at each point of heat extraction: We make 
the assumption that intermittent operation of the cooling system, and thus of the observatory, is 
unacceptable; this requires that the magnetic refrigerator be of the Continuous-ADR (CADR) 
variety, with an isothermal coldest stage. CADRs function by absorbing heat at low temperature 
and rejecting it at higher temperature; the heat from each ADR must still be removed. Two 
options for heat extraction from the ADRs can then be distinguished. If the heat extraction from 
the individual ADRs is via a flow loop or conductive links or heat pipes, the result is an increase 
in the heat rejection temperature at a large cost in system complexity, while retaining conductive 
links or fluid at relatively high temperature compared with direct cooling. Overall this seems a 
much more difficult method of achieving cooling than is required or prudent. Alternatively, if the 
ADR accumulated heat is to be radiated to space, a secondary radiator system shielded from the 
telescope and from the sunshield is required in order to achieve reasonable duty cycle, and the 
ADR design quickly approaches the limits of superconducting materials. Details of the design 
requirements depend on heat loads and operating conditions, and quickly become rather involved, 
but upon some consideration this does not appear to be a viable approach to cooling the SAFIR 
mirror. 

 
Spacecraft heat rejection 
The mechanical coolers for SAFIR will demand a significant fraction, probably greater than 50%, of 
the electrical power, and must reject the waste heat produced by the multiple cryocooler compressors. 
This is not a trivial requirement when considering that the overall observatory configuration presents 
very little clear view to space for the cooler heat rejection system radiators. Rejection of the 800-1000 
watts of cooler compressor and electronics power dissipation presents a unique challenge to the 
thermal design of the spacecraft bus. In this area in particular, the experience gained with JWST will 
be immediately applicable to SAFIR. Shown in Figure VII-6 is a notional heat rejection system being 
studied for the JWST spacecraft bus. Two to three of these systems would suffice for SAFIR. Since it 
is ideal for the cooler compressors to be located central to the bus a series of constant conductance 
heat pipes transport the cooler heat to a series of variable conductance heat pipes. The variable 
conductance heat pipes incorporate a flexible bellow sections that allows the pipes to transport heat to 
a deployable radiator system. The variable conductance heat pipes are self-regulating and will 
eliminate the need for any supplemental heater power when the coolers are not operating. An 
alternative, currently being studied for JWST, to the variable conductance heat pipes include loop 
heat pipes and capillary pumped loops, also incorporating flexible sections. 
 
Thermal Verification 
Like JWST, SAFIR will simply be too large to thermal balance test in its fully deployed flight 
configuration. Lacking this final definitive test that is the keystone for most space mission’s thermal 
verification, SAFIR will most likely follow the JWST paradigm for thermal verification, which relies 
on thermal modeling, margin control and quality assurance, and assembly and subassembly level 
testing to verify the thermal models in a piecemeal fashion. In addition to developing the necessary 
facilities, e.g. the JSC cryotest facility, the order and types of test planned for JWST can be duplicated 
for SAFIR. A series of validation and verification tests similarly to what is planned for JWST is 
described below. 
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Figure VII-6: JWST Cryocooler Compressor Heat Rejection Concept 
 
Sunshield/cooler demonstrator scale  
Because of SAFIR’s large size, there will be no opportunity to thermally test it at temperature in its 
final deployed flight configurations. JWST is managing this risk by performing a high fidelity 
thermal balance test on a test article approximately 50% of the size of the flight observatory. This test 
is designed to validate the overall passive cooling system approach and correlate the very complex 
thermal models that need to accurately predict the complex radiative interchange among the various 
observatory elements. The sub-scale high fidelity test envisioned for SAFIR could utilize the same 
large Helium shroud system at the JSC chamber A facility. The test would differ from JWST’s in that 
it would be the best opportunity to also verify the mechanical cooler system operates as planned 
under realistic loading conditions. This test should occur early in SAFIR’s development when the 
engineer cooler units are available. This test would ultimately validate SAFIR’s overall thermal 
architecture approach and significantly reduce risk throughout the rest of SAFIR’s development.  
 
Cooler heat rejection system testbed 
The second critical developmental test would be the cooler system heat rejection test bed test. This 
test would serve to verify at the engineering test unit level that the proposed heat rejection two-phase 
technology and radiator system works as modeled. Critical objectives of the test would be to measure 
and validate the temperature drops across the numerous interfaces from the cooler compressors to the 
radiators.  
 
Spacecraft/cryocooler thermal balance test 
The only thermal system verification test realizable at the flight unit level would be the spacecraft 
thermal balance test where the cryocoolers are exercised with simulated loads. This test could also 
occur in the JSC Chamber A facility, but without the telescope, instruments, and sunshield. Further 
studies of the test approach may show it feasible to include the entire observatory, minus the 
sunshield, for such a test. This test would be a true end to end system test of the flight observatory 
cryocooler system. JWST test studies have shown it unfeasible to include both the spacecraft bus and 
the telescope/instrument compliment in any system level cryo-test. 
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VIII. Instrument Suite 
 
A key aspects of the SAFIR mission will be the focal-plane instruments. The exquisite sensitivity 
made possible with the large cold telescope must be matched with cameras and spectrographs 
accommodating high-sensitivity, large-format far-IR / submillimeter arrays from approximately 30-
1000 µm. For the purposes of credible instrumentation we generalize to this somewhat expanded 
wavelength regime. Here we describe our philosophy for SAFIR instrumentation, the desired 
measurement goals, and the strawman instrument suite that can meet SAFIR’s needs.  
 
Philosophy 
 
The far-IR and submillimeter wavelength range is still a frontier for astrophysics, with orders of 
magnitude improvement possible with new technologies and new approaches. SAFIR will be a huge 
leap forward, optimal scientific return is made possible by following some basic principles: 
 
1. High efficiency instruments and significantly improved infrared detectors are required in order to 
take full advantage of the low IR background offered by the SAFIR Observatory.  
 
The fundamental sensitivity limit for a cold telescope in space is photon noise from the diffuse 
astrophysical backgrounds: thermally emitting dust in the solar-system, the Galaxy, and the aggregate 
of dusty galaxies at all redshifts. Detectors for SAFIR must have intrinsic noise which is comparable 
or below these very low photon NEPs, summarized in Appendix B. The requirements for the 
continuum imaging are within the achieved sensitivities of existing devices running in the laboratory, 
but for dispersive spectroscopy, the requirements exceed the demonstrated sensitivities of any 
devices. Fortunately, there are several detector approaches which are promising for meeting SAFIR’s 
needs -- some proven in flight, others in development. These technologies and their development 
paths are described in detail in Section XV.A. For the purposes of developing straw-man instruments, 
the key point is the rapid progress made thus far. With sustained NASA funding, we can anticipate 
devices suitable for spectroscopy with SAFIR by the time it flies. Excellent sensitivity also requires a 
high-efficiency instrument: low efficiency reduces the overall sensitivity in all cases, and emphasizes 
the detector noise term in cases when detector noise and photon noise are comparable. 
 
2. Astrophysical capability is increased with large-format arrays and high-throughput instruments to 
accommodate them.  
 
As with the device sensitivity, detector array format is also rapidly evolving with new technologies 
and approaches, and SAFIR will have the potential to make a huge leap forward in array format. 
While FIR arrays for Spitzer and Herschel have 30--1000 elements, typically individually assembled, 
the technology for SAFIR will likely allow arrays with 10,000 or more elements through the use of 
lithographed detector and multiplexer architectures. Such array sizes are under construction for 
ground-based submillimeter instruments such as the SCUBA-2 camera. At long wavelengths, the AΩ 
product becomes large for the large arrays, and the instruments must accommodate these large 
throughputs. The sub-K cooling likely required for some of these large focal plane arrays imposes an 
additional challenge for the instrument architecture.  
 
3. Spectral information is crucial in the far-IR, and sensitive spectroscopy is a natural niche for the 
single-aperture telescope.  
 
 Observations with SAFIR in the continuum will quickly be limited by source confusion, especially at 
the longer wavelengths. Spectroscopy provides a third dimension to distinguish multiple sources in an 
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otherwise confused field, and thereby allows probing much deeper than in the continuum. Spectral 
information also provides most of the information used to guide our astrophysical understanding of 
the sources discovered in the continuum. Thus sensitive spectroscopic capability is crucial for SAFIR, 
and maximizing instantaneous spectrometer bandwidth provides the most efficient use of the 
observatory. The direct-detection spectroscopy takes two approaches: a low-resolution spectrometer 
(LRS) suite, which provides R~100 along with some imaging capability, and a moderate-resolution 
spectrometer (called HRS) suite which provides R~2000. R~100 provides sensitivity to spectral-
energy distributions and the broad solid-state dust features, while R~2000 provides sensitive 
capability for spectral lines in distant galaxies. Unlike the camera architectures which are 
straightforward, conventional approaches for these direct-detection spectrographs may not be suitable 
and new approaches may be required. For the highest resolving powers necessary for detailed 
Galactic astrophysics experiments, a heterodyne spectrometer is needed. The heterodyne spectrometer 
suite is treated separately, since it is different technology from direct-detection instruments. 
 
 

• Cameras and Dispersive Spectrometers 
 
Instrument Requirements for SAFIR 
 
SAFIR's science goals are broad, and require multiple capabilities: large field imaging across the 
entire wavelength band for deep surveys and maps; low resolution spectroscopy at short wavelengths 
to probe broad continuum and solid state features in debris disks; and medium resolution sensitive 
spectroscopy for measuring extragalactic emission lines from cosmologically distant sources.  
 
The measurement goals for SAFIR’s direct-detection instruments are generated assuming optimistic 
detector array development and are presented in Table VIII-1. Spectral regions are split up typically 
by octaves, and a detector technology along with the focal-plane assembly, pixel size, and operating 
temperature is listed for each range. An important constraint is the size of the instruments: the entire 
suite is must fit in to SAFIR’s fiducial instrument chamber – an assumed 4 m diameter by 3 m tall 
enclosure located directly behind the Optical Telescope Assembly (OTA). 

 
Table VIII-1: SAFIR instrument suite goals – direct detection. 
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Approach to strawman instrument designs 
 
Most of the direct-detection instrument for SAFIR will be conventional reflective optics designs, and 
SAFIR’s Vision Mission study has relied on Ball Aerospace for generating innovative optical designs 
for these instruments, at their own cost. These conventional cameras and spectrographs form the bulk 
of the instrument complement for SAFIR, and Ball is an excellent partner for this effort, given their 
successful delivery of instruments for Spitzer and Hubble. In addition to the conventional approaches, 
members of the science team are also developing new instrument architectures which complement the 
conventional approaches, such as the waveguide far-IR grating spectrometer (WaFIRS), and the 
heterodyne spectrometers. 
 
At this early stage, it is difficult to speculate about the breakdown of instrument use on SAFIR. 
Spitzer provides some idea of the requests that SAFIR might experience. Based on recent accepted 
proposals, Spitzer science topics are fairly uniformly distributed among cosmological, local universe, 
star and planet formation, ISM, and Solar System investigations. Imaging comprises about 63% of the 
telescope time, divided evenly between IRAC and MIPS. The mean integration time requested is 
close to 1000 sec. If SAFIR is used similarly, the cameras will be the most utilized instruments. This 
is not unreasonable; at a wavelength of 70 µm, broadband observations with SAFIR will take around 
400,000 sec to be thoroughly confusion-limited. At longer wavelengths this time is much shorter. 
This is shown below in Figure VIII-1, which illustrates that the usable integration time varies 
significantly across the SAFIR band. 
 

 
Figure VIII-1: Sky brightness, broadband noise equivalent flux density (NEFD), and the time 

required to integrate down to the confusion limit as a function of wavelength. 
 
There are several features of an ideal camera for SAFIR. For the required field of view, the detector 
array should capture both polarizations of all spatial modes illuminating the focal plane. There should 
be a clean (or at least stable) point spread function, with low stray light or spurious illumination. At 
short wavelengths, the dynamic range must be high and integration times will be long. The number of 
pixels must be large, and the quantum efficiency must be high. At longer wavelengths, the integration 
times will be short and so changing filters or sweeping around the sky must be quick. Smaller arrays 
with an agile steering mirror may be a more effective implementation of a long wavelength camera. 
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Ball Aerospace approach to conventional cameras and spectrographs 
Ball’s role in this study has been to develop generic far infrared imager and spectrometer concepts 
based on proven approaches, then to estimate dimensions, volume, and mass for the instrument 
complex. A generic functional block diagram for either a camera or a spectrometer, shown in Figure 
VIII-2. The hardware to support those functions is divided into the cold optical portion of the 
instrument, the warmer (often ambient temperature) instrument electronics, the software to interface 
to the spacecraft and control the instrument, and the ambient and cryogenic cables within the 
instrument and between the instrument and the spacecraft. Optical designs are the first step, and the 
approach has been use all-reflective, all-aluminum optics where possible, as this approaches is 
cryogenically friendly, mechanically robust, and has a large degree of flight heritage.  
 

 
Figure VIII-2: Generalized IR Imaging or Spectrometer Instrument Functional Block Diagram 

 
Camera Designs 
The initial conceptual design for the cameras is straightforward, based on the NICMOS imaging 
channels (confocal parabolas and a field mirror to relay the pupil) and the concepts for both sub-
modules – Cam1 and Cam2 – are similar (See Figure VIII-3). As a result of what we consider to be 
relative optical simplicity, we present only a top level concept. The camera concept consists of a field 
separator at the telescope focal plane, a dichroic separating the Cam1 and Cam2 spectral regions, a 
field mirror, a collimator, a camera mirror, and fold mirror, and the arrays. The backends of Cam1 
and Cam2 are similar in concept but slightly different in detail. 
 
The real exit pupil in image space enables 100% cold stop efficient system baffling. The camera relay 
optics are in the OTA temperature space. The exit pupil, cold filters, and detector array are in the 
staged cooler (shields) temperature space. The field mirror radius of curvature is used to locate the 
exit pupil at the desired location. 
 
The largest optical element in either camera is less than 40 cm in diameter. The Cam1 module 
packaging dimensions are ~4 x 0.4 x 0.6 m for an associated volume of less than 1.0 m3. The Cam2 
module is about half the length of the Cam1 module with similar width and height. Its volume is of 
the order of 0.5 m3. Although much of the volume is empty, assuming a typical cryogenic instrument 
density of 0.2 g/cc, the Cam1 instrument mass is about 200 kg and Cam2 is of the order of 100 kg. 
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Figure VIII-3: Camera concept for SAFIR Cam1 and Cam2 

 
While not prohibitive, these masses are large and future trade studies should investigate methods to 
reduce the size and the mass of the camera modules. Alternate relay approaches to the original 
confocal parabolas for the collimator and camera, such as an Offner-like aspheric relay or an off-axis 
Cassegrain collimator and camera could potentially reduce the size. Also a faster camera could also 
be smaller, but this requires a small detector plate scale.  
 
Low-resolution spectrometer designs 
SAFIR’s LRS is based on a ruled reflection grating and has three sub-bands (LRS1a, LRS1b, and 
LRS1c) covering the 20-100 µm regime at a resolving power of 100. The three modules are first 
order, long slit spectrometers with pre-slit integral field slicing units – as shown in the block diagram 
in Figure VIII-4. The first optical element is included to relay the image (for packaging purposes) 
onto the dichroic beam splitter assembly, which separates the incoming light into three sub-bands.  
 
The three fields of view (FOVs) of the three sub-bands are co-boresighted to provide instantaneous 
broadband coverage on the sky. After spectral separation, an image slicer assembly re-packs the area 
FOV into line pseudo-slits for subsequent spectrometer dispersion. At this location, magnification can 
be changed if required. 
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Figure VIII-4: Low Resolution Spectrometer with three sub-bands covering 30 to 100 µm at R=100. 

 
Figure VIII-5 below shows the optical design of a low-resolution spectrometer image slicer assembly 
for one band (LRS1a). The slicer can accommodate variable magnification between the entrance area 
field and re-imaged pseudo slit. This implementation is limited by the number of slices in the slicing 
mirror assembly. The detector array format and the number of slices are related, and are a topic for 
future investigation as the array technology matures. 
 
The optical design assumes a slit width of λ/D where D is the telescope diameter and λ is the 
maximum wavelength in each sub-band, and that the slit is sampled with two pixels. The three 
spectrometer modules are optimized for each sub-band but are similar in concept. The light then 
enters the spectrometer assembly – a collimator, a first order ruled low-blaze-angle reflection grating, 
a wide field of view camera mirror, and the focal plane array. Figure VIII-6 shows the first order 
spectrometer layout for one of the sub-bands—the other sub-bands scale. Several options also exist 
for the implementation of the final re-imaging camera. A reflective Schmidt camera is one option but 
the packaging volume is generally greater and it produces substantial field curvature. For spectral 
resolving power of 100, about 200 pixels are required in the spectral direction for each sub-band. For 
Band LRS1a the spatial / imaging dimension is 3.65 mm or about 92 pixels, which fits comfortably 
on the arrays being developed for SAFIR.  
 
The largest optical element in the LRS is less than 12 cm; the volume is less than 0.02 m3. Taking the 
density of 0.2 g/cc, the mass of each module is around 4 kg. As a point of reference, the modules of 
the Spitzer Infrared Spectrometer (IRS) had envelope dimensions of approximately 20 x 20 x 30 cm 
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Figure VIII-5: SAFIR Low Resolution Spectrometer Individual Band (LRS1a) Image Slicer 

Assembly 
 

 
Figure VIII-6: Low Resolution Spectrometer Spectrometer Assembly. 

 
for a typical envelope volume of approximately 0.012 m3. The mass of each module was of the order 
of 3 to 4 kg. A small optical envelope and a small volume may not allow room for detector arrays, 
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a typical size of 20 x 30 x 30 cm and a mass of about 4 kg per LRS module for volume and mass 
budgets. 
 
The properties of the conceptual camera and low resolution spectrometer are listed in Table VIII-2. 
 

SAFIR CAMERAS AND LOW-RESOLUTION SPECTROMETERS 
       Envelope Dimensions   

Module 
Range 

(micron) 
Resolving 

power 
FOV 

(arcsec) 
Beam 

(arcsec) 
Length 

(cm) 
Width 
(cm) 

Height 
(cm) 

Volume 
(m3) 

Mass 
(Kg) 

CAM 20 - 600            
CAM1  20 - 100 R~5 60x60 0.47 400 40 60 1.0 192 
CAM2  140 - 600 R~5 240x240 1.88 200 40 60 0.5 96 

LRS 20 - 100           
LRS1a  25 to 40 100 6 x 6 0.4 12 11 7.0 0.001 0.2 
LRS1b  35 to 70 100 9 x 9 0.7 26 42 16 0.02 3.5 
LRS1c   60 to 100 100 12 x 12 1 31 32 18 0.02 3.6 

Note: To convert instrument / module volume to mass, 
 a density of 0.2 g/cc is assumed.     

 
Table VIII-2: SAFIR camera and low-resolution dispersive spectrometer module summary 

 
Moderate Resolution Spectrometer  
The moderate-resolution spectrometer (HRS) modules employ ruled Echelle reflection gratings. 
Initial concepts for the shorter bands (1a, 1b, and 1c) were long slit spectrometers using an integral 
field spectrograph approach with a pre-slit slicing mirror assembly. There is a coarse Echelle for the 
main dispersion and grating cross-disperser for order separation, followed by a wide field of view 
camera re-imaging optics assembly focusing the light onto the detectors. At present, the optical 
models assume a first order perfect lens for the camera. As the design matures, this will be replaced 
with a true wide-field all-reflective camera system, likely a three-mirror antistigmat (TMA) or 
Schmidt camera.  
 
Unfortunately, the HRS modules that work well at the short wavelengths cannot be used at the longest 
wavelengths for SAFIR. Using the same approach for all wavelengths requires that all linear 
dimensions scale as λ, thus the volume scales as a factor close to λ3 (assuming a constant input focal 
ratio and spectral resolution). For HRS1a, typical dimensions are 80 x 50 x 40 cm, and scaling this to 
HRS2c results in a module many meters in size. It is clear that generating a compact moderate-
resolution spectrometer design is critical for SAFIR, and this has been the subject of a detailed trade 
study for the cross-dispersed echelle design. The team focused on producing a 360-720 µm echelle 
spectrometer which only couples a single point source on the sky, but which is as compact as 
possible. Four parameters were considered in this trade study: Echelle blaze angle, input focal ratio to 
the spectrometer slit, spectral resolution, and pixel dimension. Figure VIII-7 plots the parametric study 
results in graphical form. 
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Figure VIII-7: Graphical Summary of Results of Parametric Evaluation 

 
In summary: 
 

1. Increasing echelle blaze angle (R-value) has significant effect of volume reduction, but comes 
with significant penalty on system efficiency. This can be understood in terms of groove 
shadowing on the echelle. High R-values also impact anamorphic magnification, which is 
inefficient for square pixels, and recommends rectangular pixels.  

2. Reducing input focal ratio (prior to slit) offers a significant volume reduction, with only 
modest impact on system efficiency. Speeding up the system also introduces greater 
anamorphic magnification. 

3. Reducing the spectral resolving power of the module offers a significant volume reduction, 
with no impact on normalized system efficiency. 

4. Pixel dimension (plate scale) has no impact on the volume so long as the camera focal ratio is 
not too large (>3).  

 
The parametric study indicates that the instrument volume scales (R*λ*F/#)3, and that it also can be 
reduced by steepening the echelle angle. Given these results, a compact design was adopted with a 
fast camera with pixel size of 1.4 λmax. Figure VIII-8 and VIII-9 show the layout and dimensions for 
the largest and most massive module, the 360 to 720 µm HRS2C. Figure VIII-10 shows the 
Echellogram, and Figure VIII-11 the efficiency for HRS2C. This module is substantially smaller than 
any previous design for an echelle device, and at 3 m in the longest dimensions, is approaching the 
realm of possibility for SAFIR. Using this longest module as the baseline, the shorter wavelength 
modules can be scaled by their wavelength ratios and the results are presented in Table VIII-3. 
Clearly, at the shorter wavelengths, the modules are very small, and the requirement on compactness 
can be relaxed to recover some imaging capability and increased efficiency. 
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Figure VIII-8: SAFIR HRS2C band cross-dispersed Echelle spectrometer concept illustrated. 

 
 
 

 
 

Figure VIII-9: SAFIR HRS Band 2C layout. 
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Figure VIII-10: SAFIR HRS2C channel Echellogram (FPA arrangement) for a single field point 
slit (minimum slit spectral and spatial at maximum wavelength). 

 
 

Figure VIII-11: Efficiency of SAFIR HRS Band 2C. 
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SAFIR HRS module summary 
   Spec  FOV  array Pixel  size Dimensions    

   res.  Beam format (Spec) (Spat) L W H Vol M 
Module Range power (“) (arcsec)  (um) (um) (cm) (cm) (cm) (m3) (Kg) 
HRS1a 20-40 2000 0.83 0.42 150 x 160 56 91 16 5 6 5^-4 0.10 
HRS1b 35-70 2000 1.44 0.72 150 x 160 97 160 28 9 10 0.003 0.50 
HRS1c 60-120 2000 2.48 1.24 150 x 160 170 270 50 16 17 0.014 2.7 
HRS2a 120-240 2000 5 2.5 150 x 160 330 550 94 31 35 0.10 20 
HRS2b 200-400 2000 8.3 4.1 150 x 160 560 910 160 52 57 0.47 95 
HRS2c 360-720 2000 15 7.5 150 x 160 1000 1640 280 95 100 2.66 532 
Note: To convert module volume to mass, cryogenic instrument 
mass density of 0.2 g/cc assumed   
 

Table VIII-3: SAFIR moderate-resolution module summary. 
 
In brief, the cameras, low-resolution spectrometer, and short-wavelength moderate resolution 
spectrometers are all feasible and can achieve the desired goals. For the longest-wavelength HRS 
modules, a compact, single-spatial-beam spectrometer is possible. 
  
Waveguide Far-IR Spectrometer (WaFIRS) Approach 
As the parametric study conducted by Ball has demonstrated, the size of conventional cross-dispersed 
echelle spectrographs remains large even after optimization. A single module for the long 
wavelengths measures over 3 m in the longest dimension! Given that the full instrument complement 
will include several instruments in an instrument volume which is of order 3 m, this is arguably too 
large for a single module of one instrument. Even if a single module could be included, the approach 
offers little flexibility for multiple modules to provide spatial multiplexing.  
 
As an alternative, members of the SAFIR team are demonstrating a new technology which is more 
compact. The Waveguide Far-IR Spectrometer (WaFIRS) uses a single curved grating in a parallel-
plate waveguide to provide a broadband spectrum of a point source, as shown in Figure VIII-12. The 
concept benefits from the fact that at long wavelengths, the grating surface can be machined which 
allows for good optical performance at fast F#, and without the need for the collimating and 
reimaging optics that a ruled grating requires. By limiting the spatial extent to a single point source, 
propagation in the spectrometer can be put into waveguide, and the system becomes entirely two-
dimensional. SAFIR science team members are prototyping a WaFIRS system for ground-based 
observations in the 1-1.6 mm band. Extensibility to shorter wavelengths appears straightforward. 

 
 
 

Figure VII-12. Waveguide far-IR spectrometer 
(WaFIRS) concept. Light propagates in a 2-D 
parallel-plate waveguide, and is diffracted and 

focused by a custom machined grating surface on 
one side. Detectors are arrayed on the other side, 

and span a bandwidth of 1:1.6 or greater. 
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A WaFIRS module size scales as the product of resolving power and wavelength – but since the 
device is two-dimensional, the volume only scales as the square of this product, instead of the cube as 
in a conventional free-space spectrograph. Scaling to a R~2000 device for 400-700 µm results in a 
size just over 1 m square, with further reduction possible with modest penalties in efficiency. Finally, 
the 2-D waveguide architecture offers the potential for dielectric immersion, which would further 
reduce all dimensions by the index (3.4 for silicon). Table VIII-4 below shows how the properties of a 
SAFIR WaFIRS-like spectrometer would compare with the Z-Spec version already in operation. 

 
Table VIII-4: Properties of the currently operating Z-Spec WaFIRS architecture spectrometer is 
compared with possible SAFIR concepts. 

 
 
A WaFIRS design is thus an excellent candidate for SAFIR because of its versatility. Multiple 
modules can be readily stacked in the SAFIR instrument envelope to multiplex in position of 
frequency or both. Each spectrometer is single-polarization, and two polarizations from the sky are 
separated with a grid, then each polarization is be used for three spectrometer modules. By staggering 
the wavelength bands, such that polarization A couples bands 1, 3 and 5 while B couples 2, 4 and 6, 
the dichroics which separate the bands do not require a sharp transition. The combination of a 
polarizer and 4 dichroics thereby provides complete instantaneous coverage over the full band for a 
point source.  

 
• Heterodyne Spectrometers 

 
The use of heterodyne spectrometers on SAFIR is justified somewhat differently. All heterodyne 
systems suffer quantum noise--in the THz regime, this is orders of magnitude greater than the photons 
noise from the astrophysical backgrounds, so a cold SAFIR is not required for optimal heterodyne 
use. Nevertheless, heterodyne spectroscopy is the only way to get very high velocity resolution (~ 1 
km/s) required for unique galactic astrophysics experiments such as probing dynamics of cloud 
collapse and star formation. While heterodyne spectroscopy does not drive the thermal management 
of SAFIR, it is highly enabled by the size of the collecting area. Table VIII-4 outlines a potential suite 
of heterodyne instruments for SAFIR. 
 

Z-Spec (built) SAFIR far-IR SAFIR far-IR

Wavelength µm 970-1630 160-300 160-300

Medium Vacuum Vacuum Silicon

Detectors # 160 500 500

Facets # 480 4000 4000

Resolving Power !/"! 250-400 1000-1600 1000-1600

Spacing mm 2.5 0.6 0.18

Tolerance µm 40 5 1.5

Length mm 610 550 160

Efficiency 0.78-0.85 0.90-0.93 0.90-0.93

Design Parameter
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Table VIII-4: SAFIR Heterodyne spectrometer modules 

 
The figure of merit for a heterodyne system is the receiver temperature, usually given in units of 
Kelvin. All heterodyne systems are ultimately limited by quantum noise in the down conversion 
process which is hν/k or about 50 K/THz. The current state of the art can be divided up into four 
frequency ranges: 
 

1. Amplifiers (below ~150 GHz)--state of the art is about 5 hν/k. 
 
2. SIS mixers to Nb band gap (below ~750 GHz)--state of the art is 2-4 hν/k. 
 
3. SIS mixers between 750 and 1300 GHz--state of the art is 4-8 hν/k.  
 
4. HEB mixers above 600 GHz (tested to 5.2 THz) state of the art is 10-20 hν/k 

 
The achievable IF bandwidth is an important consideration, particularly at the highest frequencies, for 
which the fractional band of a fixed IF bandwidth is reduced. Bandwidths to 12 GHz in SIS receivers 
have been demonstrated and development to 20 GHz is underway. HEB mixers have limited 
implementation history and have IF bandwidths limited by the phonon cooling time of the device. For 
the best phonon cooled devices this means that the IF is currently limited to about 5 GHz.  
 
A local oscillator (LO) is required for all mixer receivers. A frequency-agile LO is important and 
difficult -- while mixers might have 100-500 GHz of bandwidth, the local oscillators are almost 
always more limited in bandwidth. LOs can be constructed from a variety of technologies: 
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1. Harmonic Generation. The state of the art is varactor diode based multipliers with high 
conversion efficiency. Effectively these are limited by the Q of the resonant circuit to 
bandwidths of 10-15%. Resistive versions can be designed allowing for wider bandwidths 10-
30% at the cost of conversion efficiency. Power levels are sufficient to pump modest arrays 
to about 1 THz and a couple pixels to 2 THz. There are good prospects to extend the 
technology to 3 THz in the near future. 

 
2. Gas Lasers. Gas lasers have high output power and can pump large arrays of devices but they 

have no ability to tune so system bandwidth is limited to that which can be achieved in the 
mixer IF. 

 
3. Diode Lasers. In the short wavelength limit of SAFIR quantum cascade lasers have been used 

to pump mid infrared mixers (10-20 µm). Initial experiments with recently developed far 
infrared Quantum Cascade lasers have been encouraging but are far from a serviceable LO. 
Bandwidths are currently only a few percent. 

 
4. Photomixing. There are a few demonstrations of beating two near optical lasers together to 

generate a difference frequency as the local oscillator. The advantage of this approach is 
potentially a very wide bandwidth (several octaves), but it has been plagued by poor optical-
to-far IR conversion efficiency.  

 
Harmonic LOs have been demonstrated for Herschel for frequencies below 2 THz, but some 
simplification is required and the LO is still an unsolved problem for frequencies beyond 2 THz.  

 
The Intermediate Frequency (IF) system is typically based on HEMT amplifiers operating at 
about 20 K. The current generation of InP based HEMT amplifiers achieves 3-5 times the 
quantum limit in noise performance and dissipates about 1mW per gain stage (~12 dB) where 
about 40 dB is necessary to extract the signal from the cryostat. Amplifiers with up to 20 GHz of 
bandwidth have been built. There are prospects for lower-power operation in the system context--
the major challenge will be engineering the thermal break between cold mixer and warmer IF 
amplifier without loading the mixer or introducing excessive losses. 

 
The backend spectrometers are also currently a limitation for heterodyne systems. There are 
several types of spectrometers in use. These include digital correlators, analog correlators, 
acousto-optical spectrometers, filter banks and chirp transform spectrometers. The figures of 
merit are bandwidth, resolution and power per resolution element. It is also critical to note that 
some spectrometers have adjustable resolution while others are fixed resolution. 
 
1. Digital correlation spectrometers employ a sampler and a digital delay to autocorrelate the 

spectra. The power consumption is generally proportional to the speed of the electronics. The 
state of the art bandwidth is about 1 GHz and the power consumption is a few mW per lag.  

 
2. Analog correlators use analog mixers and predefined time delays (length) to correlate signals. 

They are well suited for looking at wide bandwidths with fewer resolution elements than their 
digital devices. On the ground power consumption is not an issue so these units typically run 
hundreds of mW per channel, but that could be significantly reduced. The channel width 
cannot be easily re-adjusted. 

 
3. Acousto-optical spectrometers have been used on a number of space missions and have wide 

bandwidth 1-1.5 GHz per acoustic element. They also generally have very low power and 
have been implemented with up to 4 elements stitched together. Power is typically 5-10W per 
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GHz of spectra analyzed. There are good prospects for wider bandwidth spectrometers, but 
the channel width cannot be re-adjusted. 

 
4. Filter banks have the least flexibility and are better suited for atmospheric applications where 

the shape of the observed feature is known in advance so the filter bank can be engineered. 
The power is almost always dominated by the IF processing required. 

 
5. Chirp transform spectrometers are time domain spectrometers using digital electronics. As 

such they can be made low power with a few mW per resolution element and can be tuned in 
resolution with careful adjustment of the chirp. 

 
The SAFIR instrument will place stringent demands on the number of pixels in the spectrometer and 
on its power consumption. Moore’s law suggests that the digital systems will soon offer enormous 
advantages in capability over their analog counterparts; however significant development is still 
required. 
 
Development Needs 
 
Mixers 
There are a number of developments required to assure that there is either a mixer or available to 
cover the SAFIR bands. SIS technology is well established especially below the Nb band gap at 750 
GHz. As a result, the focus needs to be on the development of more complicated circuits (balance 
mixers, side band separation mixers) and reduction in complexity and increase in functional 
integration. These include more integrated devices including IF circuitry, possibly LO, elimination of 
magnets and the ability to mass produce the mixer with a minimum of human intervention. 
 
In the region between 750 GHz and about 2.5 THz, there is much progress to be made with SIS 
mixers. The unknown losses in Herschel mixers above 1 THz need to be understood and addressed. 
This would reduce the noise level to that comparable to the mixers below the Nb band gap. Secondly 
a development program using NbTiN/I/NbTiN or NbN/I/NbN junctions (I=insulator) extending the 
useful range to >2THz should be undertaken. Lastly these need to be implemented into more complex 
circuits based on the experience gained below 750 GHz. 
 
For HEB mixers it remains unknown what the fundamental limitations of the sensitivity really are. 
They are quantum limited, but it remains unclear and uncertain what the effects of losses to the 
thermal heat sink really are. These may limit the sensitivity or require some sophisticated device 
engineering to get around. The limited bandwidth is clearly a potential problem for SAFIR which 
must be addressed. Lastly the issues associated with making more complicated circuits need to be 
tackled along with simplified implementation of mixers. 
 
Due to the seriously limiting problem of bandwidth in HEB mixers, efforts to find and identify a 
wider IF band mixer technology must be a priority above the current SIS limit. Unfortunately all the 
known potential alternatives are at very low technology readiness levels where questions about the 
fundamental physics still being addressed.  
 
 
Local Oscillators 
The progress in harmonic generators has been spectacular due to improvements in E&M solvers and 
the advent of precision lithography made planar diodes. The lessons learned in the Herschel 
development suggest that the technology is extendable to about 3 THz. Further extensions will require 
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improvements in device power handling or the application of drive power at progressively higher 
frequencies. Specific steps for development include demonstration of 2-3 THz multipliers, 
improvements power handling in the 100-500 GHz range, development of power amplifiers to 
frequencies higher than 110 GHz, increased functional integration of circuits (e.g. multipliers 
combining multiple stages in a single block and ultimately a single device to reduce losses) and 
simplified fabrication and assembly. 
 
The big hope for local oscillators is the quantum cascade laser which offers the potential to span the 
2-20 THz region of the spectrum. In spite of the promise there are a number of technical and 
implementation issues to be addressed. A method to lock and control the laser needs to be developed. 
This will ultimately have to address the beam quality, noise and tuning range. It is likely that the 
current distributed feed back implementation of the existing Quantum Cascade lasers is not ideal for 
far infrared applications and other implementations may be better. It is likely that the lock scheme 
will require some components developed from the harmonic generator world. The thermal dissipation 
of the lasers needs to be reduces and the temperature of operation increased. Lastly care will need to 
be taken to expand the tuning range to a wider band to minimize the number of lasers necessary for 
covering wide windows. 
 
The area of photomixing would be very promising if a material could be identified that solves the 
power handling and conversion problem. If so a single photomixer source could cover or drive all the 
mixers on a mission like SAFIR. 
 
Back Ends 
The spectrometers required for SAFIR will have significantly more channels that those on Herschel. 
As a result the power per channel will need to be reduced. It would also be highly desirable to be able 
to re-configure the channel spacing. Since the spectrometer is dominated by commercial digital 
electronics it is critical to support efforts to “space qualify” modern digital processes. Additionally 
development and evaluation of dedicated circuits like samplers using state of the art process in 
industry need to be supported. The evaluations must include radiation tests to asses the suitability of 
various technologies for space applications. Currently technology exists for a 10 GHz sampler even 
though the state of the art on Herschel is 550 MHz. The Chirp transformer spectrometers should be 
developed in the same way. The acousto-optical spectrometer will remain a viable backup to the 
digital technology should the technology prove un-qualifiable. 
 
System Considerations 
The heterodyne world is one of coherent interference problems from standing waves and the 
requirement for temperature stability. If the temperature is stable the standing wave doesn’t change 
and can be effectively removed from the spectra. Additionally a stable temperature minimizes the 
gain changes in the IF system and the spectrometer allowing for more accurate calibration of the data. 
Extreme care must be taken in the design of all apertures so nothing is reflected back into the beam. 
This must be done at the -80dB level even if the system is relatively stable. 
 
Other system issues are thermal loading and collection of the IF signal. Ideally the first stage of IF 
amplification would be integrated into the mixer before driving the cable. This results in additional 
thermal dissipation at the mixer and a requirement to match mixer and first stage amplifier together.  
 
Lastly there is a need for system level prototype demonstrations employing an end to end receiver in 
the configuration proposed to identify and solve EMC and standing wave problems that always 
plague heterodyne systems. This is especially true when there is new technology, which never works 
entirely as advertised. 



SAFIR Vision Mission 106   6-2005 

IX. Integration and Test Plan 
 
Background 
The conceptual SAFIR integration and test program is modeled after the JWST program. This plan, 
while still in development, is the best available for a similar telescope. It appears to be of comparable 
scale, cost, and difficulty. At this writing, JWST is in Phase B, which means that not all the decisions 
have been made, and the costs are still uncertain, but the general outline has been thoroughly 
reviewed. In the following sections, we will first summarize the major differences between the test 
requirements of the two observatories, and then outline the JWST concept, process, and logistics that 
govern the cost and schedule. 
 
SAFIR vs. JWST – optical requirements 
The SAFIR operates at approximately 20 times longer wavelengths than JWST, and all mechanical 
and optical tolerances are correspondingly looser. The telescope configuration will be similar unless 
radically different mirror technologies, such as stretched membranes, are chosen. The main 
implication of looser requirements is that different materials and technologies can be used, and that 
different test equipment capable of measuring much larger distortions is required. Standard optical 
tests familiar to telescope builders can in principle be implemented by using longer wavelength 
illumination. There are lasers that work at selected wavelengths throughout the mid and far infrared, 
but imaging array detectors to work with them are not common. The SAFIR flight instrument 
detectors will be available but only late in the program, and they will require extremely dark and cold 
conditions for operations.  
 
Hence, it is likely that visible and near IR wavelength test equipment will be the standard tools. 
Fortunately, there are available techniques that enable wide dynamic range. These include speckle 
interferometry and speckle photography, which can work on rough surfaces as well as smooth ones 
(ref: Babak N. Saif thesis, “Simultaneous Phase-Shifted Speckle Interferometer,” University of 
Arizona, 2004, and JWST reports). There are also laser techniques using simultaneous operation at 
two closely spaced optical frequencies, producing a synthetic frequency that is the difference of the 
two. As the field optical metrology is very important to other parts of industry, we expect a rich 
variety of commercial tools to suit our needs. 
 
There is one important design implication of such a decision. The SAFIR mirror surfaces would have 
to be good reflectors at the test wavelengths, and would not be as rough as the loose scientific 
requirements would allow them to be. However, this choice may already be required by the fine 
guidance system, if the SAFIR uses a sensor in the focal plane of the main telescope to lock onto near 
IR guide stars. This configuration has the advantage that it avoids alignment instabilities between star 
trackers and the instrument package. If this could not be done, there would be serious implications for 
the integration and test program, which would have to verify such stability. We assume for this 
section that the SAFIR will use near IR guide stars and focal plane sensors. 
 
Another implication of long wavelengths is that a major step for the JWST mirror testing might be 
deleted. The JWST mirror segments distort on cooling, so they must be measured cold, warmed up 
again, and polished to correct the cooling distortion. The SAFIR mirror segments might well not 
require this step, reducing the cost dramatically. 
 
A further implication of the longer test wavelengths is that a full-aperture, end-to-end autocollimation 
test or external collimation test becomes feasible. Neither was implemented for the Hubble Space 
Telescope, with well-known results. For JWST, the cost of a full-aperture collimator or flat mirror 
was prohibitive, if indeed one could be built at all for operation inside the cold test chamber. Instead, 
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JWST will use simultaneous center-of-curvature tests for the primary mirror, and a sampled aperture 
autocollimation end-to-end test. However, for SAFIR, the relaxed optical requirements mean that 
either a full-aperture autocollimator or a complete separate collimator might be feasible. Even so, a 
monolithic collimator or autocollimator is not expected to be feasible, but a segmented system would 
certainly be possible. In a more radical suggestion, perhaps a liquid flat mirror could be used, 
depending on the required test temperature. It might also be possible to use the center-of-curvature 
test for the primary mirror without a full-beam end-to-end test. However, considering the size of the 
program, and the degree to which it differs from all prior experience, it is likely that SAFIR will be 
required to have an end-to-end test. 
 
An obvious difference between SAFIR and JWST is that the SAFIR telescope would be much larger. 
This means a different mechanical structure, a different deployment method, and may mean that a 
different test chamber is required. We return later to the choice of test chamber. 
 
SAFIR vs. JWST – Fine Guidance 
The JWST requires a fine steering mirror to compensate for pointing drifts, without requiring a high 
bandwidth servo control of the entire telescope. The need arises because the telescope structure is 
much less rigid than, for example, the HST structure, while the pointing requirement is quite similar. 
On the other hand, the SAFIR has much relaxed requirements, and might not require a fine steering 
mirror. In any case, the fine guidance sensor and closed-loop control will have to be demonstrated in 
the test chamber. 
 
SAFIR vs. JWST – Wavefront Sensing 
The ability to sense wavefront errors and correct them is critical for both SAFIR and JWST. As noted, 
the SAFIR wavelengths are longer, so the mechanical requirements are much relaxed. The lower 
operational temperatures reduce all the coefficients of thermal expansion, and the temperature 
gradients are much smaller as well, so that thermally induced instabilities are expected to be orders of 
magnitude less important than for JWST. This implies that once the SAFIR mirrors are adjusted to 
position, they will stay there and not require frequent adjustment throughout the mission. 
 
It is likely that the methods used in flight (or on the ground) to determine wavefront error will be 
similar to those for JWST. This method is based on taking images of a point source as the focus is 
swept through the optimum. The complex diffraction patterns in these images carry the needed 
information for the Gerchberg-Saxton least-squares fitting program to determine the wavefront errors. 
This method was developed and proven for the HST repair mission, and has been thoroughly tested 
for the JWST. For coarse alignment, the JWST may also use a form of the Shack-Hartman wavefront 
tilt sensor, and a form of dispersed fringe sensor. All of these are optical methods that could function 
effectively at mid and far IR wavelengths, and there are available bright natural sources in the sky. 
 
Given the diffraction limit of SAFIR it may be possible to bypass the JWST fine phasing (phase 
retrieval) altogether and go with a more accurate dispersed fringe sensor (with a goal of 1-5 µm RMS 
tip/tilt/piston between segments) for WFSC. This is approximately the accuracy expected for the 
JWST coarse sensors and might be good enough. Algorithm development would be required to take 
full advantage of this strategy. In principle a sufficient algorithm will reveal errors in the positions 
and shapes of all the optical components. 
 
In the ground test program, the selected methods will have to be implemented in a simulator. If a full-
aperture separate collimator is chosen, then all of these wavefront sensing methods can be 
demonstrated directly, but the separate collimator must also be characterized. If not, and an 
autocollimator test is chosen, then some errors can still be sensed, while some others are undetectable. 
In that case additional test equipment would be needed, as for JWST. 
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SAFIR vs. JWST – thermal 
The SAFIR telescope will operate at a much lower temperature than JWST, about 4 K versus 40 K, 
and the detectors will be much colder, well below 1 K. A critically important trade study will be 
required to answer the following question: can the SAFIR telescope be tested adequately at the JWST 
(or higher) test temperatures? This would open up a new path through the test program and could save 
major resources. In principle the subsystems could be tested at their proper operating temperatures, 
and the full system tests would be carried out at a more convenient temperature.  
 
The biggest thermal challenge for SAFIR will be the combined active and passive cooling of mirrors. 
In addition to a scaled model test of the full system (including sunshield), we recommend testing all 
active/passive combinations on the ground (for example cooler, mirror segments) individually before 
installation.  
 
Assuming that a full-scale test of the system is required at the flight operating temperatures, a more 
thoroughly cooled test chamber is required than for JWST. The JWST test will have both nitrogen 
and helium cooled shrouds already, but the JWST support structure stands on (or passes through) the 
bottom of the test chamber and is anchored to room temperature. The thermal design to keep the 
telescope colder for SAFIR will require additional stages of isolation and active cooling. Tougher 
challenges lie in the fact that some of the test equipment must be warm inside the chamber. The 
vibration isolators must be warm, as must the interferometers. No new technology is required – 
extremely massive structures are already cooled to liquid helium temperatures for many other 
purposes, such as superconducting magnets for power generation or for particle accelerators. 
However, this new cooling will be expensive and the cooling process will probably take longer than 
for JWST. 
 
Second, additional stages of radiation baffles will be required. These are already needed to permit the 
needed telescope cooling. These baffles will be built in stages to isolate the warm portions of the 
SAFIR from the cold portions. Otherwise, heat from the warm electronics boxes, for instance, will 
shine directly on the cold telescope. The assembly and test of these baffles will take longer than for 
JWST, but again, no new technology is required. 
 
As for JWST, it is not likely that a full-scale thermal test of the main sunshield can be performed. It is 
traditional to substitute scale model tests and detailed modeling for this test, and experience says that 
a shield design with orders of magnitude of radiative performance margin is not hard to design. For 
the JWST, the calculated radiant heat reaching the telescope through the sunshield is measured in 
milliwatts, while the incident solar heat is hundreds of kilowatts. This degree of performance is 
obtained with multiple layers, and the use of more layers provides more margin. 
 
Another part of the thermal test program is the active cooler lifetime and performance test. This test is 
required long before the final integration and test program happens, and is relatively inexpensive, but 
must be started very early in the program. 
 
SAFIR vs. JWST – contamination during I&T 
The SAFIR and JWST are both susceptible to contamination by molecules and dust, but the 
quantitative effects are quite different. While not much detail is known about the contamination of far 
IR optics by particular molecules, it is known in general that unless a contaminant film is quite thick, 
it does not absorb much. Indeed, it is very difficult to make a coating that absorbs far IR efficiently. 
In addition, most contaminant molecules are not very active in the mid and far IR, as their dipole 
moments are small, and in solid form they can not rotate. Hence, the allowed molecular 



SAFIR Vision Mission 109   6-2005 

contamination layers are relatively thick. This topic will be a good subject for detailed systems 
engineering, but is not expected to be a difficult problem. 
 
The dust contamination issue is also much easier for mid and far IR radiation. Typical dust particles 
are much smaller than the mid or far IR wavelength, and theoretical scattering cross sections scale as 
an even power of wavelength. Hence, dust contamination is not expected to be a serious problem 
either. This is a major difference from JWST, which is quite susceptible to dust contamination. 
Typical ground-based telescopes have 1 to 2 % of the mirrors covered by dust. If JWST is this dusty, 
then the light of the Milky Way Galaxy scattering from the dust can be of the same order of 
magnitude as light from the interplanetary dust (zodiacal light). Hence, major effort will be expended 
to keep the JWST clean before and after launch. 
 
However, the molecular contamination problem for SAFIR is still interesting, because the SAFIR 
optics are cold enough to condense all molecules and atoms except helium. The baseline design 
concept for JWST is that all the sources of such molecules are on the warm side of the sun shield, and 
the same is required for SAFIR. Since almost all contaminant molecules move in straight lines away 
from the spacecraft, there is no geometrical path for molecules from the warm sections to reach the 
telescope. In addition, the cooling sequence must be designed so that susceptible surfaces are kept 
warm longer than potential sources of molecules. The molecular contamination issue has not so far 
had major effects on the JWST test program except for requirements on cooling sequence. 
 
SAFIR vs. JWST – Mechanical 
The test program for the SAFIR mechanical systems will be similar to those for JWST, but as noted 
above, the stability requirements are much relaxed, by a factor of about 20 in motion. As the 
coefficients of thermal expansion are about 20 times smaller, the temperature gradients are about 10 
times smaller, and the requirements are 20 times looser, the stability problem is about 4000 times 
easier. 
 
This argument does not apply if it is necessary to provide stability between warm parts of the 
observatory and cold parts. The structure that connects them is necessarily flexible, to provide 
thermal isolation. If the design requires stable metrology between cold and warm parts, then this will 
require a (difficult) test program. 
 
The SAFIR mechanical system is not required to be as stable as that for JWST, so it is likely that the 
engineering trades will lead to much lighter and much less stiff structures, with significantly more sag 
under 1 g. On the other hand, the driving JWST mechanical requirements turn out to be launch 
survival, both strength and mode frequency. With more flexible structures, launch locks for protection 
may be a good solution. This will clearly be an interesting challenge, but is well within the range of 
standard engineering process. It is likely that some new materials will become available, and they will 
require some characterization tests. 
 
Deployment tests will clearly be different, since the desired larger mirror will have to be folded in a 
different way. 
 
Vibration isolation tests will be part of the mechanical test program. While the JWST is expected to 
test a particular cooler and vibration isolation configuration, the SAFIR one will be different. The 
technology might be similar, since the SAFIR project could save effort by building on success. 
 
SAFIR vs. JWST – Electrical 
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The SAFIR has one major electrical difference from the JWST: the detectors are likely to use a quite 
different technology. At long wavelengths (λ > 180 µm) the best candidates are likely to use 
superconducting technology with very low impedances. At shorter wavelengths, high impedance 
photoconductor arrays would require completely different electronics. In either case, exquisitely low 
noise levels and cable heat flow issues imply cryogenic amplifiers near the detectors. It would greatly 
reduce the integration and test difficulty, and increase the odds of success, if all the detectors can be 
operated with their own integrated cryogenic amplifiers and multiplexers and digitizers. These do not 
yet exist, but are expected to be feasible, with about the same TRL as the detector systems. They 
should be developed together. 
 
SAFIR vs. JWST - Space Assembly and Test 
JWST is not designed for space assembly and test, and will not be accessible for repair with current 
technology. SAFIR could however be designed with remote assembly in mind, for example by 
astronauts and robots. Such remote capabilities would have to be based on a well-tested technology, 
developed for other missions, and are not required for SAFIR. SAFIR is small enough that a full 
ground end-to-end test is feasible and therefore necessary, although it does demand the largest 
available test chambers. In any case, a system design with modular subsystems and simple assembly 
interfaces and processes would be compatible with and could enhance a ground-based assembly and 
test program. In section XIV, we address possible enabling roles for human and robotic agents for a 
large far-infrared space telescope with goals that reach well beyond the baseline SAFIR. 
 
JWST Baseline for Comparison: Hierarchical Test Program 
The JWST integration and test program is structured in a hierarchical fashion. Each major subsystem 
must be completed, calibrated, and space qualified before delivery for the next stage of integration. 
For instance, each of the JWST instruments will be completed and tested as though it could never be 
tested again at full performance levels. That means that each one requires a full interface simulator, 
with optical, electrical, mechanical, thermal, and software simulations included. This approach is 
required for such a large and complex program with contributions from sources located in different 
countries. The cost of these simulators is quite significant, but there seems to be no serious alternative 
when the program is dispersed. It has the benefit that parallel activity is feasible; when problems are 
found in one area, work can continue in the others. It still carries the hazard that full integration late in 
the program may turn up serious interface compatibility issues. This is managed by building 
pathfinder equipment and test units that verify interfaces, environmental survival, and so forth. It also 
carries that hazard that certain performance characteristics of the full-up observatory can not be 
verified, because the necessary environment and test equipment do not exist. Therefore, the test 
program includes functional tests to verify that the subsystems are still alive and working, and have 
not been damaged in transport and assembly. 
 
The JWST instrument package is to be assembled and qualified as a unit, and then delivered to the 
observatory. Indeed, the instrument package is called the Integrated Science Instrument Module, a 
name that comes from the early design concepts when it was thought possible to actually build it as 
an integrated system. Such a concept would have required a feat of social, budgetary, legal, and 
management engineering, but it was at TRL 1, i.e. wishful thinking. 
 
JWST Baseline for Comparison: Mechanical Distortion and Sag 
The JWST design process has revealed that managing the mechanical distortion is a major issue. The 
sag under 1 g of the JWST mirror structure would be about 1 mm, an immense amount for optical 
systems. This means that some mechanical mode frequencies are as low as ~ 16 Hz, since the sag is 
mg/k, while (2 π f)2 = k/m, where g = the acceleration of gravity, f is the mode frequency, k is the 
spring constant, and m is the mass. Even with balance to a part in a thousand, the sag would still be 1 
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µm. Hence, gravity compensation and recovery from launch, are difficult matters. Moreover, 
differential contraction of the multiple construction materials must be managed. The observatory 
shrinks several mm on cooling, and is made of mixed materials. The engineering solution includes 
passive stability and kinematic mounts, but also requires adjustable pickoff mirrors to direct the 
incoming beams into the instruments, and individually adjustable focus for some of the instruments, 
as well as adjustments on all the primary mirror segments and the secondary mirror. In other words, 
there is no possibility of a mechanical design that does not require actuators. Therefore, the test 
program must be designed to verify function and range of the actuators, and to verify that there are 
ways to determine what adjustments to make. 
 
 

 

 
 
 
 
 
 
 
 
 
Figure IX-1: JWST primary mirror assembly and 
initial alignment with metrology balls and laser 
ranging. 

 
 
JWST Baseline for Comparison: Telescope Assembly at Room Temperature 
The JWST telescope is currently planned for assembly in the giant clean room at Goddard Space 
Flight Center, in Building 29. The previous plan to assemble it at Northrop Grumman in Redondo 
Beach, California had to be abandoned because the necessary height was not available in the clean 
rooms. Optical tests and metrology of the completed telescope will be done here for the first time. 
However, the optical parts will have significantly different shapes at room temperature than at 
operating temperatures, so the test program will have to account for that. End-to-end tests of image 
quality could in principle be made, but the main reason to make them is to confirm that all systems 
are functional and properly assembled. The cold test in vacuum is necessary for a direct 
demonstration of performance. On the other hand, the SAFIR telescope might well be testable at 
room temperature if it can be proven that it will not distort too much on cooling. 
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JWST Baseline for Comparison: Test Chamber 
The JWST full integration test is planned for the largest usable chamber, which turns out to be the 
Chamber A at Johnson Spaceflight Center. This chamber is in frequent use even though it is old 
enough to be on the Historic Register. It is 15 m in diameter and 28 m long. An even larger chamber, 
30 m in diameter and 37 m high, is located at Plum Brook, part of the Glenn Research Center in Ohio, 
but the trip from the airport where the observatory would land in a C5A aircraft has too many 
obstacles over the trip of roughly 50 miles. If SAFIR needs this chamber, it is currently available, but 
we would have to find a new way to get from the airport to the chamber. Given time and planning, a 
new landing strip could be constructed near the chamber. Alternatively, the telescope could be 
dismantled for shipping in smaller containers. While feasible, this approach loses many of the 
advantages of testing the configuration that will fly. The relaxed mechanical requirements for SAFIR 
may make this acceptable. Shown in the table below is a conceptual schedule for preparing and using 
the Plum Brook chamber for JWST. SAFIR would need additional levels of shields and coolers, and 
larger working volumes, but a schedule plan for SAFIR would look similar. 
 

 
 
 
There are a number of other commercial test chambers, at the major aerospace firms and at Arnold 
Engineering in Tennessee. None to our knowledge are nearly as large as Plum Brook. However, we 
assume that a proper test plan will be a selection criterion for the choice of the prime contractor for 
the SAFIR, and the bidders will have to demonstrate that their selected test chambers are adequate. 
Chamber A at JSC is shown in the pictures below.  
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Figure IX-2: In the picture at left, the scale can be appreciated by noting the human being by the door. 
The diagram at right shows how, with a telescope like JWST and SAFIR, testing would require access 
to the chamber at a number of levels. This requires that a scaffolding arrangement be built inside the 
chamber. 

 
 
JWST Baseline for Comparison: Optical Tests 
The JSC test chamber enables an optical test with the optical axis vertical, and the telescope at the top 
looking down (for cleanliness and safety reasons). There is a huge steel or aluminum support tower to 
be built inside the chamber, capable of holding the entire optical system and test hardware. As a result 
the height must be substantially greater than the radius of curvature of the primary mirror. The steel 
support tower includes thermal isolation and vibration isolation from the ground, a major 
accomplishment for a structure weighing many tons. 
 
JWST Baseline for Comparison: Primary Mirror 
The initial setup of the primary mirror segments is done with metrology systems, e.g. laser ranging to 
reference marks on the mirrors. The next step is done with a standard optical test at the center of 
curvature of the primary. This equipment, with null correctors and interferometers, verifies that the 
entire primary mirror is correctly aligned and phased. The primary mirror for JWST has a very short 
focal length, so the difference between a sphere and a paraboloid is large. However, this is a standard 
problem and is well understood in the optical industry. 
 
JWST Baseline for Comparison: Secondary Mirror 
The secondary mirror turns out to be particularly difficult to test, because it is convex. A standard 
optical test would combine it with a large concave spherical mirror. However, this has two 
challenges. First, the spherical mirror is very large, and would need to be cooled to a low temperature 
to verify the secondary mirror at its operating conditions. Second, there must be a hole in the middle 
of the sphere to allow the beam through, and unless the sphere is very large this prevents test of a 
large fraction of the secondary mirror. In consequence, very different and elaborate configurations 
must be explored, for instance using a concave reference surface that can be measured well and 
compared with the secondary surface. For the SAFIR this test will be much easier, because the 
surface accuracy specification is relaxed compared to JWST. 
 
JWST Baseline for Comparison: End-to-End Autocollimation Test 
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The main end-to-end optical test is an autocollimation test. A light source somewhere in the 
instrument chamber at a focal plane sends light out through the telescope. It bounces off a flat mirror 
and back into the instrument package, where it is analyzed. The autocollimation test verifies end-to-
end function and accuracy. It has to be carefully analyzed, because there are some optical aberrations 
(with particular symmetries) that cannot be detected with autocollimation alone. 
 
For the JWST test, the flat mirror cannot be obtained at a reasonable cost. As a substitute, 6 smaller 
flats will be used, each one centered under the junction of 3 primary mirror segments. These 6 flats 
are independently adjusted to match each other with a reasonable accuracy, but according to analysis 
they need not be perfectly coplanar. Their adjustments are correlated with those of the 6 groups of 3 
primary mirror segments. The autocollimation test confirms the ability of the instrumentation and 
software to analyze and set the mirror segment positions and tilts, but only in certain combinations. It 
is currently thought that this is a sufficiently rigorous test, when combined with the center-of-
curvature test of the primary mirror. 
 
 

 

 
 
 
 
 
 
Figure IX-3: JWST Autocollimation Test Configuration. 
Simultaneous full aperture center-of-curvature test and sampled 
autocollimation. NIRCam (JWST primary wavefront sensor) also 
functions when cold. 

 
 
JWST Baseline for Comparison: Alignment Stability and Adjustment Tests 
The JWST is probably not dimensionally stable enough to be properly adjusted at room temperature 
in air. Experience on other programs, and with our own wavefront control demonstrations, shows that 
thermally induced dimensional shifts can ruin the alignment quite quickly. However, in vacuum at the 
required operating temperature, environmental disturbances will be much less than in air. It is not yet 
known how long it will take for the JWST to become dimensionally stable in the test chamber, though 
thermal modeling has been initiated. As noted, the SAFIR is expected to be much easier to stabilize 
once it reaches its operating temperature. If analysis and tests of models can prove this to be true, then 
the justification for a full end-to-end optical test program at flight operational temperature might be 
removed. 
 
The JWST includes a Fine Steering Mirror (FSM) with a range of motion of about 1 arcsec. This is 
used to correct rigid-body motions of the telescope pointing on a short time scale, based on 
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measurements from the Fine Guidance Sensor (FGS), a near IR camera in the focal plane. This 
system will be demonstrated in the test chamber with the end-to-end tests. The autocollimation test, 
even with a partially filled aperture, is capable of returning an image with a sharp point spread 
function (PSF) that can verify the functioning of the FGS and FSM. Depending on the stability in the 
test chamber, it may even be necessary for this system to be operating in closed loop to even test the 
JWST optics on the ground. 
 
I&T Summary 
We expect that the JWST and SAFIR integration and test programs will be very similar in scope and 
complexity. Almost all the same functions must be performed in both. The main differences concern 
the relaxed optical accuracy and mechanical stability requirements, the need for additional cooling, 
and the larger dimensions of the telescope. These differences may imply that the Plum Brook test 
chamber is the only one currently available, or alternatively that a very careful design of cooling 
shrouds and support structures could enable a test in the JSC chamber. It is beyond the scope of this 
study to answer this question, and in any case would be a selection factor in the choice of the prime 
contractor. 
 
We therefore estimate that the cost of the SAFIR and JWST integration and test programs will be 
comparable. Experience with JWST will show whether the job becomes much more difficult as it is 
further defined. The main determinant of cost is the number of times that a full-scale test must be 
done, so in either case all efforts must be made through rehearsals and smaller scale tests to ensure 
that no failures occur. 
 
As a point of view, in both cases, we take Murphy’s law as a guide. Space hardware has an innate 
ability to sense carelessness in its creators, and tests are the only way to combat this fact of nature. 
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X. Observatory Deployment 
 
While the packaging and deployment of the primary mirror of SAFIR has been discussed in Section 
V, we present here a discussion of the deployment of the observatory as a whole. 
 
Observatory Systems 
The deployment of the telescope mirror subsystem has been described above. JWST will demonstrate 
several of the observatory deployments needed for SAFIR apart from the alternate mirror deployment 
strategies described above. 
 

 
 

Figure X-1: Deployments expected for SAFIR (JWST-like observatory design used for reference). 

 
The largest deployment will be the sunshade, which for SAFIR can be much like the current JWST 
designs with one likely addition. The sunshade, and its role in the thermal control of the spacecraft, is 
described in more detail in Section VII above. An additional inner layer will be attached to a stage 
slightly higher up on the telescope tower, cooled to 15 K by active refrigeration, in order to achieve 
the lowest telescope temperatures. This is shown as the innermost shield in Figure X-1.  
 
There have been two sunshade deployment concepts investigated for JWST. One concept uses four 
extending booms to unfurl a thin multi-layered blanket. A second concept, which is the selected 
method, uses sets of unfolding beams with tip spars at the ends to space the various layers. The design 
layer spacing and opening angles of the sunshield must be achieved as a result of unfolding in order 
to provide the thermal performance that is needed. The details of this approach do not appear in the 
above figure; either is compatible with our telescope designs. Aspects of the SAFIR sunshield that 
bear on deployment are the same as for JWST. The sunshield is stowed in a folded configuration, so 
rip-stop material that is tear resistant on folding and unfolding is required to maintain structural 
integrity during deployment. For the refrigerated shield, cooling lines affixed to the shield will have 
to retain their performance after being folded and unfolded. Low emissivity coated layered polyimide 
layered films such as Kapton and Uniplex are being considered for the JWST sunshield, and are 
assumed in the baseline thermal and structural design for SAFIR.  
 
If a scaled-up version of JWST architecture is adopted, including a similarly scaled optical design and 
field of regard for the observatory, the sunshield will be larger in proportion to the aperture size ratio 
of the telescopes. 
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Figure X-2: Sunshield deployment envisioned for JWST. A similar deployment 
mechanism will work well for SAFIR, as the sunshield material and geometry is identical 
for the two missions. 

 
While our baseline goal is to develop a SAFIR that reuses the largest amount of JWST engineering, 
as laid out in Figure X-1 above, we wish to look for far-reaching but highly enabling architectural 
opportunities that might be considered for development. We believe that boom-deployment, such as 
has been proposed in our study by Northrop-Grumman is such an opportunity that deserves 
consideration. A unique feature of this design is a 8 to 10 m long positioning boom that provides the 
mechanical interface between the spacecraft bus and the SAFIR telescope and instruments. The 
positioning boom has a natural frequency of 0.1 to 0.3 Hz and provides both thermal and dynamic 
isolation of the payload from the spacecraft bus. A single-axis gimbal at the top of the positioning 
boom permits changes to the telescope’s line of sight relative to the surface of the sunshade, which is 
kept normal to the Sun-line. This boom-architecture is illustrated in Figure X-3 below.  
 
A gimbal at the bottom of the positioning boom permits the center of mass of the telescope and 
instruments to be moved relative to the center of the sunshade in order to minimize reaction wheel 
momentum buildup due to misalignments between the center of (solar radiation) pressure and the 
center of mass. By intentionally displacing the center of mass relative to the Sun-line, SAFIR can 
even use solar radiation pressure to unload reaction wheels, possibly relaxing requirements on on-
board propellants for orientation management as well as station-keeping. This design also greatly 
improves the field-of-regard of the observatory, as the telescope no longer has a fixed orientation with 
respect to the sunshield, and can be pointed with much greater freedom behind it in the shadow. In the 
fixed telescope mode of JWST, the field of regard is somewhat restrictive, allowing 100% of the sky 
to be available only in contiguous blocks of 1.5 months. In addition, by pointing in the counter-Sun 
direction the telescope presents a smaller cross section to the Sun than it would in the more 
conventional JWST design, and could allow a significantly smaller sunshield to be used. As shown in 
Figure X-2, this design can still capture a large fraction of JWST spacecraft bus and shield 
engineering. 
 
We consider the boom-deployment architecture to be a challenging, though credible stretch goal for 
the mission architecture, as is the rotational deployment of the primary mirror. In this sense, we adopt 
it as an extension of the SAFIR baseline. As we do this, it should be understood that boom 
deployment is not a requirement for the mission, but may offer certain simplifications in design and 
operations that a more thorough trade study will be able to assess. 
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Figure X-3: Alternate concept of SAFIR telescope deployment. The telescope is coupled to the 
spacecraft on an articulated boom. This deployment may be highly enabling with respect to 
SAFIR design and operations. 

 
Alternative Orbital Venues 
SAFIR benefits strongly from the careful consideration of orbital venues for JWST, and a halo orbit 
around Earth-Sun L2 is chosen for a number of reasons. The L2 location is an equilibrium point 1.5 
x106 km (0.01 AU, 236 RE) from the Earth where forces are balanced in the dynamical equations of 
motion. Viewed in the Earth-Sun rotating frame, centrifugal forces balance gravitational forces here. 
The dynamics of the Lagrange points are well understood, as is the natural environment there, and 
four missions have been sent to two of the three collinear libration points – L1 and L2 (ISEE-3, 
SOHO, ACE, and WMAP) – which are symmetrically placed on the Earth-Sun line. While the 
Lagrange points are easy to model as the circular restricted three body problem, other forces, such as 
radiation pressure, other gravitational perturbers (Moon, Jupiter, etc.) and orbital non-circularity 
cause perturbations. As a result of these, and since the L2 point is a saddle point of gravitational 
potential, some stationkeeping is required to stay there. The most important point is that as a result of 
our study efforts, we see no reason why an L2 venue for SAFIR would be any less enabling than it 
has been determined to be for JWST. 
 
There are many trades that need to be considered for optimum orbital venues for large infrared 
observatories and, in the spirit of early planning, we briefly address alternative venues here. 
 
While LEO and GEO are the most accessible venues in terms of launch and deployment, and offer 
high bandwidth data links, they are clearly unsuitable for SAFIR, as well understood from JWST 
studies. Passive cooling to the degree needed for these telescopes is very difficult in close proximity 
to the Earth. For a Sun-synchronous polar orbit (e.g. IRAS), which is energetically somewhat 
disadvantageous compared to a more equatorial orbit, the observatory could be continually rotated to 
keep both Earth and Sun directions constant in the spacecraft reference frame. This would require two 
large radiation shields for the OTA, on the Earth side, and one on the Sun side. For a telescope fixed 
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to the solar shields, as for JWST, and even for a boom-deployed telescope as described above, the 
relatively short orbital period would not permit integration times of more than a few minutes on a 
given astronomical source, and would seriously compromise the field of regard of the observatory. 
More equatorial orbits would not permit both the Sun and Earth to be shielded simultaneously, and 
would add the thermal equilibration and power complexity of working through shadow passages. 
While the data bandwidth from such orbits is, in principle, very high, ground stations would have 
only short period access to the observatory without reliance on a TDRS system. Finally, the very 
large shields required for SAFIR and JWST, and their intolerance for penetrations, make space debris 
in LEO a very significant mission threat – a threat that is orders of magnitude higher than the 
meteoroid threat in either GEO or at L2. 
 
Drift-away heliocentric orbits, as has been used for Spitzer, were considered for SAFIR. The Spitzer 
Earth-trailing orbit, in which the spacecraft drifts away from the Earth at about 0.1 AU/yr offers 
obvious simplifications in terms of station keeping and orbit maintenance compared with L2, and 
shares with L2 a relatively constant and simple thermal environment. The large distance places a 
serious constraint on comm links to the observatory, however. While Spitzer is baselined for an 
average data rate of 85 kbps, larger science arrays on SAFIR lead to data rates at least ten times 
higher (see Section VI). Furthermore the lack of expendable cryogens on the baseline SAFIR allow 
for a scientific lifetime that substantially exceeds the fixed 5-year lifetime of Spitzer, by which time 
the communication baseline is already much of an AU for such a drift-away orbit. Of some interest 
for a drift-away option is an out-of-plane trajectory. While such a trajectory adds energetic difficulty 
to the communication difficulty, it offers some value to high ecliptic latitude science in terms of lower 
zodiacal background. It is this background which limits performance for short wavelengths. Models 
of zodiacal emission suggest, however, that the zodiacal cloud at 1 AU is fairly thick, with a 
Lorentzian half-height of almost 0.3 AU (Clark et al. 1993 Astron. J. 105, 976). As such, SAFIR 
would gain only modestly in background reduction at the price of a large distance. We note that a 
drift-away orbit is inconsistent with any possibility of servicing for SAFIR. 
 
A larger benefit in background reduction is achieved from larger heliocentric distances, although the 
penalty on data rates would be even more substantial. We have considered, as a strawman example, 
advantages in stationing SAFIR at 3 AU. Aside from extended transit time, propulsion requirements 
for sending SAFIR to large radial distances are not much more challenging than to send it to L2. At 
such a distance passive cooling would be vastly more efficient because of the reduced insolation, and 
to the extent that supplementary active cooling is a major component of the SAFIR power budget, 
that largely offsets the penalty in power generation from solar panels. While models of the dust 
distribution suggest that the zodi optical depth is only a factor of two or so lower at 3 AU, the dust is 
much colder, so the photon background loading on the Wien side of the curve is dramatically 
reduced. As shown in the schematic figure below, this can be substantial at short wavelengths, but not 
highly enabling even at the short wavelength end of the SAFIR bandpass, and virtually irrelevant in 
the submillimeter. While larger heliocentric distances may offer advantages in telescope cooling, we 
believe that it will always be cheaper to add more sunshades to a SAFIR than to go to large distance 
from the Sun. 

 
 
Figure X-4: Model of the zodiacal background at 3 
AU is compared with that for 1 AU and, for scale, 
with a simple model of the ground-based sky 
brightness. It can be seen that for a zodi-limited 
telescope at short wavelengths, there is value in a 3 
AU site, but this advantage largely disappears for 
SAFIR wavelengths. 
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More speculative opportunities for SAFIR operations that deviate substantially from the JWST venue 
deserve mention.  
 
The Earth-Moon L1 location puts both the Earth and Moon at large enough distances that, if 
unblocked, they would contribute only slightly to the temperature of SAFIR, but would offer 
challenges for scattered light management. While we do not propose SAFIR operations at E-M L1, 
such a site has been proposed for a “gateway” facility in the context of the Exploration initiative and 
possible human involvement for SAFIR servicing and on-orbit testing. Such a concept is discussed in 
more detail in a Section XIV below.  
 
Stationkeeping of SAFIR exactly along the Earth-Sun line at Earth-Sun L2 would achieve blockage 
of 90% of the light from the Sun (angular size 0.526°) by the Earth (angular size 0.487°) and, like for 
large heliocentric distances, could thus offer simplifications in thermal control. The precision required 
for stationkeeping is challenging both from a navigation and propulsion perspective, however. The 
Earth Atmospheric Observatory (EAO), an RASC concept developed at LaRC has addressed this 
question, and is of interest in this regard. The EAO concept is to view the limb of the Earth’s 
atmosphere as illuminated from behind by the Sun. Baselined for operation in this region of 90% 
shadow, EAO would use a 2-3 kWe Stirling radioisotope generator to provide power for spacecraft 
bus ops including comm as well as solar-electric thrusters for precision stationkeeping (within 200 
km of the Earth-Sun line!) Assuming the availability of such a power source, the possibility arises of 
stationkeeping SAFIR not exactly at L2 (1.53x106 km from Earth), but just inside the umbral apex 
(1.37 x106 km from Earth) where the Sun is entirely eclipsed. Such a site would be profoundly cold, 
and could allow SAFIR to work with a minimal shield and no active cooling at all. While we have not 
done the flight dynamics analysis of this option to derive a propulsion requirement, we believe it 
deserves investigation. The fact that solar radiation pressure forces disappear at such a location allows 
some simplification compared with an illuminated site. While the solar umbral apex is inside of the 
Earth-Sun L2 point, the gravitational potential energy saddle is quite broad, and may not require a 
large increase in propulsion over that needed for stationkeeping at the L2 distance. It is worth noting 
in this regard that while the umbral apex is inside of L2 for the inner planets, it is outside of L2 for the 
gas giant planets, such that the L2 point along the solar vector at those planets is entirely in shadow, a 
fact that may be advantageous to some descendant of SAFIR. 
 
Detailed Considerations of Earth-Sun L2 as the Optimal SAFIR Venue 
As discussed briefly above, Earth-Sun L2 appears to be an optimal site for SAFIR operations. The 
thermal stability, with the Earth and Sun in generally the same direction and mutually shieldable, 
abundant ground contact opportunities at a modest distance, virtual absence of human-deposited 
debris, and minimal stationkeeping requirements contribute to this optimality. We briefly review 
other considerations. The natural environment at L2 has been considered in some detail for JWST, 
and is summarized in a recent report by the Space Environments Team at GSFC (Evans 2002). 
 
The orbit envisioned for SAFIR is identical with that proposed for JWST – a halo orbit around the L2 
point. Ideally such an orbit would be one which circulates around the L2 point in a closed loop that 
repeats itself in the YZ plane, such that the spacecraft would never see eclipses of the Sun. The radius 
of this loop is an operational trade. See Figure X-5 below. A larger radius (e.g. 7.5x105 km, which is 
our operational baseline) puts more constraints on solar shielding, since the Sun and Earth are more 
than 20° apart, but requires a low delta-V for trajectory injection (we budget 35-50 km/s). A small 
radius (e.g. 3x105 km) keeps the Sun and Earth closer to each other as seen from SAFIR, simplifies a 
solar radiation shielding strategy and provides an optimal field of regard, but requires a much larger 
injection delta V. With a mass similar to JWST, injection into a halo L2 orbit would follow closely 
the flight dynamics requirements for that mission, and propulsion requirements (launcher, etc.) are 
reviewed below. 
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If boom deployment is not used, and SAFIR uses scaled JWST architecture, the sunshield will be 
substantially larger. This bears on stationkeeping for SAFIR, as the main perturbing force on the 
observatory is radiation pressure on the shield (even larger than perturbations from the Moon and 
other planets). At 1 AU, with high reflectivity shields normal to the Sun, a radiation pressure of ~10-5 
N/m2 will come to bear, totaling several millinewtons for the entire structure. This corresponds to 
about 2x10-5 of the gravitational acceleration from the Sun. It is worth noting in this context that the 
force from radiation pressure at L2 is several orders of magnitude larger than the force of the 
quiescent solar wind. Even in a solar storm, the pressure of the solar wind would not be comparable 
to radiation pressure. The outward directed (+X) solar radiation pressure on SAFIR has the 
nonintuitive effect of biasing the otherwise balanced orbit in the sunward direction, slightly inside of 
the nominal L2 distance.  
 
The plasma environment at L2 is also an important factor, though the charged particles in the solar 
wind do not have sufficient energy to penetrate normal spacecraft shielding. While the Earth’s 
magnetotail, in which there is some concentration of charged particles, points towards L2, that 
Lagrange point is relatively far from the main magnetosphere, which is largely at <20RE distances. It 
can be assumed that as SAFIR executes a halo orbit around the Sun-Earth line, perturbations of the 
solar wind will put it occasionally in the magnetopause. The main effect that can be anticipated from 
this particle flux is a slow degradation of solar panels and shield reflectivity. We believe, however, 
that the plasma environment at L2 is relatively benign compared to that which would be encountered 
in LEO. In particular, the low kinetic energy results in little risk for spacecraft charging. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure X-5: The insertion trajectory of SAFIR can be considered to be identical to that for JWST, 
which is shown in this figure. SAFIR will orbit L2 at a large enough radius to avoid eclipses, and 
all such orbits around L2 have periods of six months. Operations in the Integrated Science 
Instrument Module (ISIM) can be started before deployment into the L2 orbit is complete. 

 
Because of the very strong reliance on the sunshield for passive cooling by SAFIR, degradation of the 
sunshield at L2 must be considered. These considerations are largely identical to those for JWST. 
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While gradual degradation of the optical properties of the shields are expected, and can be managed, 
large holes in the shield from complete penetrations could seriously compromise the mission, 
especially if a large penetration of all shields happened. While the penetration properties of several 
mil Kapton film are not well understood, impact rates of order 1 m2/yr for 0.1 mm meteoroids are 
anticipated and 0.0001 m2/yr for 1mm meteoroids. These must be assumed to have velocities of order 
20-30 km/s. Similar considerations apply to design studies of inflatable and membrane space 
structures, which are receiving new attention. 
 
Although not part of the SAFIR baseline concept, Sun-Earth L2 offers opportunities for telescope 
servicing, repair, or retanking, either in situ (more likely by robots than humans) or via low delta-V 
transport to a service shipyard (“gateway”) facility at Earth-Moon L1. This option is discussed in 
more detail in Section XIV below. 
 
Launch Vehicles 
Assuming the need for a commercially available ~5m fairing (see Section VI above), and the 
capability to send ~7700 kg (wet mass at launch including contingency allowance, see Team X 
report) to Earth-Sun L2, launcher needs can be established. As for JWST, we envision direct injection 
to L2 as described above which, depending on the exact circumstances (e.g. halo diameter, lunar 
assist), corresponds to a c3~-0.7 orbit. These capabilities can be met with existing U.S. EELV 
commercial configurations. A Delta IV 4050H-19 (launched out of a continental US site), which 
offers a 4.57 m ID usable payload diameter fairing in a 19 m usable length easily meets our needs. 
This configuration involves the standard Delta IV core including a cryogenic second stage, with two 
additional common booster core strapons. This performance of this configuration exceeds the mass-
to-L2 requirement for SAFIR by at least 20%. In the Delta family, the next smaller commercial 
configuration is presently the Delta IV 4450-14, a single core with strapon solids. This configuration 
provides significantly less thrust than needed for our baseline SAFIR, and the smaller fairing length 
would likely require a much higher degree of folding for the secondary truss supports.  
 
Within the presently available Atlas family, the Atlas V 551 with a 5 m diameter short (20 m length) 
payload fairing can also meet our propulsion needs, though only marginally. This configuration uses a 
standard booster core with solid strapons. The proposed Atlas V-H with two strapon common booster 
cores has a similar configuration architecture and projected capability to that of the Delta IV-H, but 
has not yet been tested. Outside of the EELV umbrella, and assuming availability of international 
options, the Ariane V offers similar performance to the Delta IV 4050H-19, and would offer similarly 
large performance margins to the SAFIR program. 
 
As noted above, non-commercial versions of these launch vehicles with larger shroud sizes have been 
proposed, and such implementations would be highly enabling to SAFIR, which is more volume-
limited in launch capability than it is mass-limited. Implementation pathways for the new Vision for 
Space Exploration have considered development of new heavy lift systems, and such systems would 
likely offer a SAFIR program attractive options. 
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XI. Mission Operations 
 
Space Segment 
SAFIR operations are based on nominally having one ground contact occurring per day, during 
normal business days. The onboard solid-state recorders are sized accordingly to allow data to be 
dumped after a weekend, and the on-board memory is sufficient to allow the weekend command 
loads to be uplinked on a Friday. Command loads will be generated from the ground and uplinked to 
the spacecraft for daily execution from an on-board buffer. 
 
The baseline science mission assumes the concurrent use of any two instruments. This limitation is 
assumed due to potential thermal restrictions, although a more detailed analysis will occur to 
determine if more instruments can be used concurrently as part of a campaign mode. The total data 
volume for any two instruments is 70 Gb per day. If all instruments were to be operated concurrently, 
then the maximum data rate could be as high as 844 Gb per day. The DSN will be used for 
communications. 
 
The DSN will provide tracking data in addition to data communication link. One tracking pass will be 
scheduled each day to support orbit determination. For the JWST, tracking passes are required every 
19 of 21 days. SAFIR, which will be in an orbit similar to JWST, is expected to have similar 
requirements. Higher tracking requirements may be required around orbital adjust maneuvers. The 
exact frequency of the orbital adjust maneuvers will be determined based on the type of orbit selected 
around L2. 
 
Communication 
For communications, SAFIR will use a 0.5 m high-gain antenna with a 5W power amplifier (Figure 
XI-1). The downlink is at Ka-Band, with a transmission rate of 30 Mbps. For nominal, all recorded 
data will be downlinked within one eight-hour pass from the onboard solid-state recorders (SSR). The 
SSRs are sized sufficiently large to allow data to record for several days before needing to be 
downlinked. For campaign modes where additional instruments may be operated, the onboard storage 
capability and the communication link are sized sufficiently to provide additional capability.  
 
For the ground segment, two 12m Ka-band stations will support the downlink. The uplink will occur 
over X-band at a rate of 2 kbps. The telecom system will have full redundancy and have heritage from 
JWST. A low-gain omni antenna will also be available for launch and early orbit operations and 
contingency scenarios. Although the baseline design uses the DSN as the primary communication 
ground station, trades will be conducted with other satellites projects to see if it is more cost effective 
to share time on a dedicated station. 
 
Ground Segment 
Despite differences between individual spacecraft and missions, current and planned on-orbit 
observatories such as JWST, HST, Spitzer, and Chandra tend to share common characteristics in 
many of their high-level goals and methodologies. Some of these methodologies are also common to 
ground observatories and other facilities which schedule large numbers of activities supporting many 
users. Although the exact mission planning concept has still to be determined, the processes described 
below are consistent with the SAFIR mission.  
 
The science proposal preparation phase begins 1-1.5 years prior to execution and is baselined as that 
being designed for JWST. Astronomers throughout the science community will create proposals to 
use SAFIR, specifying their observations and related constraints using web-based tools providing 
access to SAFIR databases. The databases will contain information on how to use SAFIR 
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instruments, how to optimally execute observations, and how to estimate the amount of SAFIR time 
required to acquire science and related ancillary data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure XI-1: SAFIR Data Flow 
 
 
One year prior to execution, the SAFIR Science Committee will review the proposals. The committee 
will be composed of experienced peer astronomers. Those proposals that are accepted will be 
included in the next 1-year cycle, and assigned a priority based upon their scientific merit, degree of 
difficulty, and other factors. Shortly after selection, the astronomers will use an automated expert 
system to expand their proposal to a format consistent with the planning and scheduling system. 
 
Approximately 3 months prior to execution, the scheduling system will assign each observation to a 
planned period, while at 3 weeks the system will assign the observations to a specific day. The 
scheduling system will also select appropriate guide stars, insert required calibrations, and schedule 
any related engineering activities such as star tracker updates or science downlink requests. Finally an 
automated system will execute a quality check to ensure compliance with mission constraints. 
 
The Flight Operations Team (FOT) will operate the spacecraft during nominal business hours of eight 
hours per day, five days a week. All spacecraft contacts will be automated, with the FOT having the 
capability to manually conduct a pass if necessary. Recorded data will be temporarily stored at the 
DSN, with the files then electronically transferred to the science center. By 2020, data distribution to 
the science team is expected to be completely electronic, although physical media distribution could 
also be used if desired. As the spacecraft and science operations are so intertwined, the science center 
and the spacecraft control center will be co-located, similar to the philosophy for JWST, HST, 
Spitzer, and Chandra. 
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XII. Mission Assurance 
 
 

The SAFIR Project will follow standard mission assurance standards. Consistent with ISO 9001 
standards, SAFIR safety and mission assurance (SMA) will be a design integrity program that 
includes rigorous design review; careful control of parts, materials, and processes; and a thorough 
program of inspections and tests. The SAFIR SMA also will include assurance management, system 
safety, reliability, environmental requirements, electronic parts requirements, hardware and software 
quality assurance, contamination control, and alert monitoring. The SAFIR SMA integrates 
Operations Assurance into the design phase to ensure flight system and mission operations 
compatibility. All software documentation and code implementation will be compliant with NASA 
Software Independent Verification and Validation (IV&V) requirements. 
 
A System Assurance Manager (SAM) will be assigned to provide management oversight of the 
integrated SMA. Overall safety and mission assurance plans, developed in collaboration with team 
members, will ensure cost-effective, compliant, and consistent program implementation. The SMA 
requirements flow down to team members and their subcontractors and suppliers. All team members’ 
applicable processes and procedures will be reviewed and assessed for compliance and consistency by 
the SMA. 
 
Flight system reliability assessments shall be conducted, including worst-case analyses; fault tree 
analysis; FMEA; probabilistic risk assessment; and parts stress analyses. Drawing on the experience 
from the JWST, appropriate levels of redundancy and reliability will be instilled in the design to 
ensure mission success. Parts control boards, with a SAFIR Parts Engineer member, will assess all 
EEE parts and radiation effects. Flight system reliability will be achieved through prudent selection 
and control of electronic parts. The design will include robust, cost-conscious margins, and the I&T 
program that ensures design compliance with the General Environment Verification Specifications 
(GEVS). 
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XIII. Safety 
 
 
General 
In our study we reviewed safety issues associated with candidate implementations of SAFIR. Ground 
testing, test facilities, launch facility range, and operational safety requirements were considered. 
 
As likely implementations of SAFIR are based on previous and queued IR missions such as IRAS, 
ISO, SIRTF, SOFIA and JWST, as well as Astro-F, Herschel, and SPICA, hazard analysis can be 
fairly easily inferred. 
 
Hazards may be categorized as Chemical, Physical, Biological, Ergonomic, Manufacturing and Test, 
or Maintenance and Operation related. Chemical hazards for SAFIR are principally associated with 
the propulsion system, thermal system (cryogenic and room temperature heat pipes) and potentially 
with toxic materials (e.g., beryllium) that may be used for their desirable technical properties. 
Physical hazards for SAFIR are associated with the necessary deployment system(s), reaction wheels, 
as well as the pressurized propulsion, electrical (battery), and cryogenic systems. A non-ionizing (RF) 
radiation physical hazard is associated with the X-Band communication system. The large cryogenic 
test facilities that SAFIR will use have associated with them asphyxiation and other occupational 
hazards. Due to its large size (even when not deployed), there are hazards associated with 
transportation and handling, including to and from test facilities, as well as at the launch site. 
 
Although several hazards were identified during the study, since likely implementations of SAFIR are 
based on previous and queued IR missions as mentioned previously, so would be the hazard control 
plans. No hazard identified during the course of this study was judged to be of high probability and 
high severity. Should in-space operations involving humans be implemented with SAFIR (see Section 
XIV), a completely independent safety assessment that considers human ratings for spacecraft 
components will need to be undertaken. 
 
Launch and Near-Earth Operations 
SAFIR will need to be compliant with East-West Range, or other applicable launch vehicle / complex 
(e.g., European Space Agency and Ariane) safety requirements. But no safety hazards unique to 
SAFIR, that are not shared by previous and queued IR missions such as IRAS, ISO, SIRTF, SOFIA 
and JWST, as well as Astro-F, Herschel, and SPICA were identified in the course of this study. 
 
Planetary Protection 
As an astronomical observatory mission, planetary protection requirements are not applicable. 
 
End of Mission Safety Issues 
As the baseline orbital venue is the second sun – earth Lagrange point (L2), no significant end of 
mission safety issues were identified in the course of this study. 
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XIV.  SAFIR and In-Space Operations 
Introduction 
Conceptual application of in-space assembly and servicing to a large infrared telescope such as 
SAFIR illustrates multiple possible benefits and some significant impacts on design for the telescope 
and supporting architecture elements. While we believe that autonomous deployment of SAFIR is 
achievable in the 2015-2020 time frame and thus baseline it, the Vision Mission effort has allowed us 
to investigate opportunities that in-space operations could bring. This effort has been done in concert 
with the activities of the Second Loya Jirga conference on in-space capabilities for science. We 
include this section of the Vision Mission report with the explicit understanding that while the SAFIR 
fully autonomous baseline is completely credible, in-space operations may be profoundly enabling for 
new science. Our efforts have benefited strongly from Boeing, which was one of our designated 
SAFIR Vision Mission industry partners, bringing insights about in-space operations and agents to 
our study. 

Basic Concepts 
Assembly in space can provide operational structures much larger than the self-deploying structures 
accommodated in a single launch vehicle shroud. Improved reliability of deployment can, in 
principle, be realized through verification of critical functions. If continued access by intervention 
agents (human-robotic operation) can be realized, then mission assurance or mission extension by 
maintenance and servicing as well as productivity enhancement by upgrades, can also be realized. 
Some of the enabling features of this approach have modest impacts to the baseline SAFIR designs 
but others are significant enough to warrant careful consideration.  
 
For SAFIR, we see one of the main scientific advantages scientific instrument changeout and general 
observatory refurbishment. These would allow a large investment in the basic optical system to be 
multiplied by reuse. The baseline mission for SAFIR assumes an observatory that is decommissioned 
when the science value of the focal plane instruments has been achieved. Since focal plane instrument 
capabilities are strongly tied to sensor capabilities which are rapidly increasing, reuse of the 
observatory optical and control system can be highly enabling. The value of such efforts has been 
clearly proven with HST (Hubble Space Telescope), which in its fifteen-year operational lifetime has 
hosted several generations of focal plane instruments, each offering entirely new scientific 
capabilities. For SAFIR, such an opportunity would come after an initial operations cycle, perhaps 
five years into the mission. We approach this effort with the belief that the Vision goals of astronomy 
can be well served by use of shared capability systems.  

Functional Capabilities Assumed To Be Available For Use  
In anticipating the role that human and robotic in-space capabilities may offer SAFIR, it is useful to 
consider the capabilities that the Vision for Space Exploration may provide. The extent to which the 
technologies and infrastructures supporting Exploration activities are also available and usable for 
telescopes and science platforms is an issue having strong implications for mission design trades. 
This will be addressed in detail in the following sections. 

  
A decade from now, the Exploration Vision may have led us to achieve the first Crew Exploration 
Vehicle (CEV) flight, but the first human mission to the Moon may be another five years from 
realization. The robotic capabilities for the Lunar Orbiters and several robotic testbed missions would 
be operational by then. Mars precursor and testbed missions would also be operational. The James 
Webb telescope would be in operation, and the Terrestrial Planet Finder may be starting. 
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This progress will necessitate some advances in human-robotic capabilities during the development 
phases of the operational programs. Increasing development, commissioning, and use of robotic 
operations should be expected during the timeframe in which the Shuttle operations are to be retired. 
Coordination of roles of robots with humans in space should be part of the development of the new 
CEV systems being brought on-line for operations. While space astronomy in general, and SAFIR in 
particular, will not develop these capabilities, it is possible to make some general predictions about 
the capabilities that the Vision will provide, and map those capabilities onto enabling opportunities 
for SAFIR and other observatories. Specific requirements for human-robotic operations support 
including in-space assembly and servicing are not clear at this time. However, broad implications can 
be explored in order to bring the issue of astronomical capabilities into clearer focus. In-space 
assembly and servicing would require a minimum set of features to be of limited early use to 
astronomy, and an extensive set of expansion options would be considered as utility and demand 
come forward.  

 
Among the important systems to be developed for Exploration that can also be used to serve telescope 
assembly and servicing for a mission like SAFIR are (at least): 

 
• Cranes, robots, and other ‘civil engineering’ tools for system assembly  
• Habitation for humans who will be managing the robot fleet and conducting testing 
• Permanent collection of testing equipment suitable for structures characterization  
• Long-term storage of cryogenic fluids (fuels and purge gases) 
• Contamination control approaches, cleaning facilities 
 

Robotic-only operations offer more limited capability compared with coordinated human-robotic 
operations. Robotic-only operations still involve humans in design and production of the systems and 
perhaps in ultimate control of mission application at a distance, but the human participants need not 
be in-situ astronauts. Human-robotic coordinated operations do involve sending humans into space, in 
order to reduce the latency of sensing and control and the intensity of direct perception and 
interaction that are so valuable for problem solving and situation assessment in actual EVA hands-on 
activities. The in-space operations needs and infrastructure support of large space assets like SAFIR, 
have been recently reviewed by the Loya Jirga II roadmapping team (Thronson; 2005 SPIE 5899). 
 
For the basic capability of in-space assembly and servicing we must consider not merely the presence 
of mobile agents (robots, astronauts, or coordinated teams) but also the delivery systems to carry them 
to the worksite venue in space (launch vehicle, guidance, rendezvous and capture), and the supporting 
systems to keep them functioning (power, communications, guidance and navigation with appropriate 
actuation systems such as propulsion.) By definition, these capability systems must support the 
rearrangement of all components from a configuration optimized for shipping (i.e. launch conditions 
and packaging constraints), into a configuration optimized for mission operation. Therefore, there is a 
need for structures to hold the supporting agents and components together in proximity and provide 
environmental protection for all components and all intermediate configurations at the worksite. 
Productive operations will also require a variety of tools for handling and processing, and test 
equipment to verify the completion of operational steps and procedures.  
 
This basic capability is minimally adequate for assembly and servicing of a wide variety of client 
mission systems needed by the Vision for Exploration, e.g., vehicles, habitats, landers, support 
infrastructure systems, etc. Each particular mission would have to develop and launch everything 
needed that was not already provided; therefore, the earliest missions to be supported by the 
capability would have only the most limited support already available. of astronauts for human-
robotic coordinated assembly and servicing operations is likely to be met as we meet Exploration 
needs. Some of these requirements include human launch and return-to-Earth systems, in-space 
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habitat with life support and safety systems, and logistics support. Advanced EVA systems may not 
be available for in-space use by client missions, however, until after the human missions to the Moon 
become routine. In view of the increasing sophistication of robot agents, we do not believe this to be a 
serious impediment. 
 
Robotic-only systems are likely to be operational at various sites in the Earth-Moon vicinity, though 
the particular arrangement of equipment and infrastructure support systems that would serve the 
Exploration Vision has yet to be determined. A subset of the systems developed for lunar surface 
operations could be adapted to serve as a core of the basic capability equipment for in-space assembly 
and servicing. These systems would be supplemented by in-space unique features such as the zero-
gravity tie-down structures, environmental protection, and crawling or close proximity formation-
flying for local transport. Power systems, information and data systems, robotic control systems, 
communications, guidance and navigation systems, and many general-purpose tools that are 
developed for lunar surface operations could all be repackaged or repurposed for use in support of in-
space assembly and servicing. 

General Benefits of In-Space Capabilities to Large Telescopes 
We begin with a broad-brush overview of the potential value of in-space efforts by humans and 
robots to large telescope missions. While not focused specifically on SAFIR, this general overview 
provides context for the importance of such developments in the longer term, and provides the 
strategic foundation for linkage of space astronomy to in-space capabilities. 
 
Larger aperture: For light collection, and spatial resolution at wavelengths not accessible from the 
surface of the Earth, large collecting apertures in space represent the future of at least UV, optical, 
and infrared astronomy. Assembly in space enables the deployment for use of structures that cannot 
be launched in a single vehicle. In-space capabilities provide the means whereby multiple vehicle 
payload integration of sophisticated components can be considered. An additional advantage over 
traditional wholly autonomous mechanical deployments is the reduction in accommodations for 
actuation, linkages, and constraints for serially operated deployments, thereby allowing denser 
packing of launch kits. SAFIR could be envisioned, in principle, as the core of a larger telescope that 
would be achieve by adding elements to it later. 
 
Higher performance structure: In-space assembly of telescopes provides some important 
performance advantages related to structures, both for launch and for operations. Lift capability, 
volume and diameter of the payload are simultaneously maximized. This overcomes a current 
limitation of deployed systems, which are often volumetrically limited and do not fully exploit the lift 
capability that is available. Assembled systems also provide superior dynamical performance during 
operation. This results from the fact that the frequency of the first bending mode of the structure has a 
significant impact on the overall performance of the observatory.  
 
Testing economies: While the concept has not been fully defined, we can imagine a integration and 
test process in space that avoids a number of substantial costs that would be incurred to carry out the 
same work on Earth. First, no large, very clean, vacuum chamber is required to conduct tests. In the 
case of SAFIR, as well as many high priority astronomy missions, such a chamber would need to 
provide low temperatures as well. Rather, all components and subsystems would be tested 
individually and all interfaces verified on Earth. Final performance validation of both the structure 
and optics would be done in space.  
 
Better reliability of deployment: Assembled systems can be verified step-wise throughout 
assembly, enabling alternate operations and workarounds to be exercised as needed before 
committing the entire system to operations. Alternatively, a traditional mechanical deployment 
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process may also benefit from the availability of a mobile agent with sensing and some possibility of 
access for viewing and physical interaction. The reliability benefit in either case is keyed to the 
possibilities for intervention in cases of mishap or unexpected occurrence.  
 
Extended mission life: The experience gained from the series of Hubble Space Telescope servicing 
missions indicates that a strategy of revisiting for redundancy replacement opens possibilities for an 
extended and productive operating life even for a large, complex, and delicate mission systems. The 
ability to changeout subsystems accommodates system failures and lifetime management (e.g. HST 
batteries, solar panels, and gyros). Opportunity for retanking of consumables (propellants and 
instrument cryogens) is another facet of the lifetime management capabilities that would be enabled 
by in-space operations. 
 
Enhanced productivity: The Hubble servicing experience also showed that installing upgrades in 
technology as they become available can enhance mission productivity. This applies to science 
detectors and instruments particularly, but also support components such as data systems, power 
systems, control systems, etc. For SAFIR in particular, the current steeply increasing technology 
development curve for infrared sensors makes enormous science gains possible through upgrade 
opportunities. 
 
Impacts to SAFIR Mission Designs 
 
Modular design with in-space operations interfaces: Whether SAFIR is to be assembled or only 
serviced, by robotic-only or human-robotic coordinated operations, a modular design would be 
needed to allow component handling and integration in space. The modules would need interface 
designs that could be reliably handled by the agent capabilities available in the timeframe. For SAFIR 
it would seem that design for simple robotic module exchange or add-on would be most prudent, 
since the advanced human EVA capabilities in space would still be in development for human 
operations on the Moon. Modularity design for simple robotic-only module exchange or add-on 
would require interfaces that fit together with minimal requirements for preprocessing, and no 
requirement for dexterous handling or complicated interactions. 
 
Approaches for assembly and servicing of components that operate at cold temperatures: 
SAFIR achieves its huge infrared sensitivity by being very cold. As such, the thermal characteristics 
of the observatory require special attention to contamination control. Outgassing of newly installed 
components, thruster plumes, and waste (gas and water) dumps from human facilities can all 
condense out on observatory components that are cold. Such condensation can seriously reduce 
observatory performance, both optical (because of coating opacity) and mechanical (because of 
interference on contacting surfaces in bearings.) This contamination may take place at temperatures 
that are well above the cryogenic operating temperatures, and even at temperatures that are amenable 
to servicing. While robotic servicing at the ~4 to 10K operating temperature could be considered, 
such efforts are likely to be very costly, and considerations for SAFIR should include strategies for 
safe thermal cycling of the observatory, as well as zone isolation.  
 
With a large sunshield affixed, and solar panels on the opposite side of the sunshield from the 
telescope, special attention must be given to keeping the observatory warm while it is powered and 
being serviced. Keeping SAFIR powered up may not be easily separable from keeping it warm. 
Critical trades to be reviewed are opportunities for undeployment or removal of the sunshields during 
servicing, and the risks that are entailed, as well as rotisserie-mode heating of the observatory, and the 
difficulties that this would involve with respect to rendezvous and close-proximity formation-flying 
of service agents. The boom-deployment strategy for SAFIR (see Section X) may offer significant 
advantages in this regard, by allowing the telescope to be displaced to the side of the solar shield. 
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Safe operations near a large, delicate structure: The precision optical alignment of the SAFIR 
telescope and the fragility of the stretched mylar sunshields call for special attention to safe 
operations with an external agent. If left deployed, the mylar sunshield can be torn or otherwise 
penetrated by collisions with the in-service agents, or with debris released in the vicinity. In the 
baseline configuration, the sunshield is between the cold telescope and the warm spacecraft bus, so 
service opportunities on the observatory have to contend with a large shield that separates disparate 
regions that are the targets for such servicing. 
 
Docking ports, spacecraft control connections: Although it may be feasible to use fly-around 
agents that attach to the observatory near where the servicing is to be done, and are monitored by a 
stand-off CEV where humans supervise and control the agents, the scale size of subsystems to be 
exchanged, and the range of attach points that need to be accommodated may argue for a more fixed 
base of operations. We envision a CEV or the servicing facility hard-docked to the observatory at a 
fixed location, ideally on the spacecraft bus end. The CEV or servicing facility would use a crane to 
reach around the sunshield to access the telescope. Such a strategy would allow servicing with a range 
of capable tools, all affixed to the crane. Presumably, several video vantage points would be provided, 
to give operators clear situational awareness. While a reach-around strategy poses complications, the 
sunshield can be considered to protect the telescope from contamination from the CEV, though 
optimal optical properties of the sunshield may be compromised by doing so. It may be assumed that 
the spacecraft bus offers structural advantages for docking, compared with a thermally optimized, and 
thus very lightweight telescope. Docking at the spacecraft bus allows for simple control connections 
between the CEV or servicing facility and the observatory, as well. 
 
Dependence on service providers: Use of shared, multi-purpose, multi-mission designs, as well as 
interfaces, supporting systems, and processes usually entails some compromise from optimum single-
point solutions to establish the commonality that is the basis for reuse and cost avoidance. A design to 
accommodate a service provider’s interfaces, capabilities, and limitations should be well worth the 
burden of imposed requirements if the cost avoidance is substantial; otherwise there is no basis for 
departure from the traditional stand-alone approach.  
 
Specific equipment for telescope in-space assembly and servicing: The SAFIR program would be 
responsible for providing unique equipment that would not be provided by the Exploration mission 
systems for their assembly and servicing of vehicles, habitats, depots, communications terminals, 
logistics supply, etc. This may entail specific handling and test equipment such as super-clean process 
controls, sunshield system for thermal stabilization, precision structure metrology, and astronomy 
instruments verification equipment. Some portion of this investment that is not built into SAFIR itself 
may be left behind at the supporting facility and made available for reuse by subsequent telescope 
assembly and servicing missions. 
 
Venues for Astronaut-Assisted Deployment/ Upgrade/ Repair  
While SAFIR is baselined for operations at Earth-Sun L2, the relevance of in-space opportunities for 
SAFIR in LEO should be addressed, if just because of the relative simplicity of getting there, and our 
experience with large structure development and servicing operations. We consider LEO to be an 
unfavorable locale for many reasons, however. The day-night cycle in LEO is highly disadvantageous 
for power management, as substantial batteries or at least fuel cells need to be used to allow 
continuous operation. These day-night cycles are of particular concern for an observatory like SAFIR, 
which relies on critically optimized thermal properties. The most significant problem is the thermal 
one; the structure will never get mechanically quiet unless special accommodations are made. These 
accommodations are likely to degrade performance at L2 and will add mass and cost if the telescope 
is going to be aligned and tested in LEO. Another issue in LEO is gravity gradient effects that will 
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complicate testing of pointing performance, as will torques produced by atmospheric drag on the 
large sunshield. The LEO environment is potentially very risky for large mylar sunshields, in that 
debris can be expected that will produce penetrations (at a rate much higher than from 
micrometeorites at L2) and compromise the shielding efficiency. Finally, the delta-V required for 
transfer to L2 from LEO and back is large (3-5 km/s), and the accelerations and mechanical loadings 
entailed could require costly structural modifications to the observatory. As a result, the propulsion 
demands for both deployment from and return to LEO would require a propulsion module for the 
observatory of substantial size. Transfer from LEO to L2 and return for servicing also involves 
repeated transit through the radiation belts around Earth, entailing risk to sensitive components and 
requiring provisions for mitigating damage. 
 
In view of these concerns, we may alternatively consider deployment and servicing opportunities on-
site at the baseline operating venue of Earth-Sun L2. Human-attended opportunities at L2 are unlikely 
in the short term, at least because an early-phase CEV will not support such lengthy journeys which 
can be of order months (which in itself is a risk factor). Routine access of humans to L2 will have to 
contend with particle radiation risks from solar flares, and the lack of opportunities for quick 
emergency return as a result of such storms, equipment failure, or medical emergency. Opportunities 
for robotic agents at L2 are more feasible, and both replacement of entire subsystems and retanking of 
consumables appear increasingly feasible. But human control from Earth of robots at L2 involves 
several second delays that would reduce effectiveness of operation. As a result of this unavoidable 
control latency, there would be strong incentive to making such agents largely autonomous, which, 
while intrinsically feasible, will add cost and technical risk. By limiting the complexity of the 
servicing systems ,simple and well-designed servicing tasks could be performed reliably, for example 
module replacement or add-on, by limiting the complexity of the servicing systems but consequently 
would reduce the possibility for rescue or upgrade to an unproductive extent.  
 
In view of these considerations, operations at Earth-Moon L1 have been proposed by a number of 
authors, and were the basis for the NASA Exploration Team (NExT) space architecture studies. The 
L1 location is at a distance of some 323,110 km from the Earth, or roughly 84% of the way to the 
Moon. The orbital dynamics at Earth-Moon L1 are similar to that of Earth-Sun L2, in that the location 
is semi-stable, and requires little station-keeping propulsion. L1 is of significant relevance to the 
Exploration agenda, in that access to the lunar surface at all latitudes is energetically equivalent, such 
that a trans-lunar base-station at L1 could offer considerable flexibility. While no spacecraft have yet 
been deployed to Earth-Moon L1 as a destination, our experience in Earth-Sun Lagrange point venues 
(e.g WMAP, SOHO, ACE) give confidence in our understanding of the requirements. Science 
operations at L1 are significantly less enabling than at Earth-Sun L2, however, because radiation from 
Earth and Moon cannot be reliably blocked along with the Sun, resulting in issues in scattered light 
and thermal management.  
 
In addition to the relevance of Earth-Moon L1 to lunar exploration, of special importance is the fact 
that Earth-Moon L1 is connected to other solar system Lagrange points by pathways that are highly 
economical energetically. While it requires several months to travel between Earth-Moon L1 and 
Earth-Sun L2 on such a low-energy pathway, the departure and orbital insertion propulsion burden is 
remarkably modest – of order 100 m/s, a major advantage for a massive observatory. Return from 
Earth-Sun L2 to Earth-Moon L1 is simiarly economical. The programmatic convenience of the L1 
site, “gateway” access to L2, and the fact that it is thermally much more stable than LEO, makes it an 
important venue, at least for integration, test, and servicing of science instruments.  
 
Application of CEV and “Gateway” Concept at Earth-Moon L1 
While the earliest concept of CEV will be aimed at LEO, the concept for the later model CEV can 
take humans to and from the lunar vicinity (in one concept, using a separate lander to carry them to 
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and from the lunar surface) and presumably it could easily go to a Earth-Moon L1 libration orbit. 
Cargo vehicles would also have access to the lunar vicinity, surface, and libration point orbits. The 
Earth-Moon L1 libration orbit could serve as a staging area, a turning point for inclination changes, 
and a “gateway” to other solar system libration point orbits. Earlier architecture studies envisioned 
this site as the location for a human-visited in-space depot, or “shipyard” facility with resupply, 
refueling, servicing, and assembly capabilities. 
 
Preliminary concepts for the early-phase CEV do not carry extensive accommodations for astronaut 
EVA other than emergency response: no airlock, no positioning crane, and minimal cargo 
accommodation volume. Conceptually, this system could be augmented by provision of an additional 
workstation module that could carry, for example, a teleoperated servicing robot, a suite of tools, 
some spare parts, or replacement modules for servicing. For this architecture to support SAFIR, four 
space systems would have to be brought together. SAFIR would have to be moved (for robotic 
servicing) to the rendezvous point in advance of CEV. The CEV augmentation workstation module 
would have to be outfitted with whatever SAFIR operation-specific equipment is needed; this would 
be completed by an earlier launch of a SAFIR-specific kit to rendezvous with and be captured by the 
workstation module. The CEV would then rendezvous with the workstation; the crew would operate 
the workstation equipment to load it with the specific servicing kit. Subsequently, the CEV and 
workstation with the kit installed would rendezvous with SAFIR and the crew would perform the 
needed servicing operation using the workstation equipment and the SAFIR-specific outfitting 
contents. SAFIR would have to accommodate a transfer stage for delivery to (and for servicing, a trip 
back from) its operational site in a Sun-Earth L2 libration orbit. For transfers between L2 and a L1 
servicing site, this transfer stage may be quite modest in capability, and may be the same propulsion 
system that is used for halo orbit management at L2. 
 
The later CEV could bring humans to the gateway facility whenever it was slated for operations. The 
facility need not be permanently staffed by human operators. However, it would incorporate basic 
space platform utility and logistics accommodations to keep the systems available to support the 
visiting missions. Indeed, some of the early operations of the facility could be conducted in a 
robotics-only mode, teleoperated from the CEV, which can be docked or station-keeping nearby, 
conducted from human presence sites on the lunar surface, or remotely controlled from operations 
centers on Earth. The initial facility outfitting could include later models of the robotic servicer 
systems used earlier in LEO, on the lunar surface, and on Mars during the testbed and precursor 
mission phases. After the gateway facility has become established as a reliable and robust operations 
base, general-purpose and reusable capability equipment designed for multiple-mission applications 
would also be provided and integrated as needed to support ongoing programs. A human life support 
and safety capability could be integrated later to the facility based on habitat designs used on the lunar 
surface and adapted for use in zero-gravity and space environment.  
 
To the extent that the gateway facility will play a major role in an ambitious lunar program, special 
planning will have to be done to accommodate shipyard issues, such as flotilla formation 
maintenance, hazard avoidance, and contamination mitigation. While such a busy gateway facility 
would offer SAFIR flexibility in in-space tasks, the price for that convenience is the resulting 
congestion and contamination potential. 
 
Of some interest for a gateway facility and astronomical telescopes is the potential for in situ 
checkout before they are sent back to L2. L1 is, itself, a potentially cold place, in that the solid angles 
subtended by the Earth and Moon are still quite small, and passive cooling there, in which sunlight is 
shielded from the telescope will not be highly inferior to that available at L2. It seems clear that all 
warm spacecraft systems (communications, stabilization, cooling etc.) can be fully checked for 
SAFIR at L1, and ideally much of the science payload can be functionally tested as well. Using on-
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board cryocoolers to put the infrared sensors into their operating range, a slightly warmer-than-spec 
telescope will allow pointing, tracking, imaging, and spectroscopic functions to be verified, though 
with higher background noise, and scattered light. The optical alignment of the telescope could, in 
principle be verified, and diffraction-limited performance assured.  
 
Scenario for SAFIR Servicing at an Earth-Moon L1 Gateway 
In this section, we present a highly simplified strawman scenario for SAFIR servicing at the Earth-
Moon L1 gateway. Our extended study will use a picture (Figure XI-1) as a starting point for more 
detailed in-space servicing plan for the observatory. 

 

SAFIR is retrieved from L2: The SAFIR cryocoolers are shut down, the instruments are set to a safe 
configuration (apertures closed, etc) and the observatory is allowed to warm up. The observatory is 
canted to allow sunlight into the sunshield vee. Warming up the observatory offers some insurance 
against contamination by thruster plumes needed for retrieval. The observatory is removed from L2, 
and sent on a trajectory to L1, using on-board thrusters. Another option is for retrieval by a separate 
tug that docks with the observatory at L2. This would be needed if the on-board propulsion system 
were inoperable or undersized. After months of transit with precise navigation and slight trajectory 
corrections, SAFIR arrives in the vicinity of Earth-Moon L1. Upon L1 insertion, SAFIR is put into a 
slow rotisserie mode to finish bakeout of contaminants accumulated during the operations lifetime. A 
key thermal trade for servicing is whether to keep the sunshield, or consider it expendable. If it is to 
be jettisoned and replaced, it is released into a safe trajectory before SAFIR enters the capture zone of 
the servicing facility. 
 
Pre-service inspection: While SAFIR is still at a stand-off position relative to the servicing facility at 
L1, fly-around robotic agents based from the facility provide a clear overall survey of the observatory 
to assess its structural condition and abnormalities. Rotisserie mode provides illumination for all parts 
of the observatory. Inspection is used to finalize the servicing plan and determine if any updates to the 

 
 

Figure XI-1: SAFIR is shown being serviced using a CEV. The CEV mates to the observatory 
at the spacecraft bus section, and uses cranes to service the telescope. Unless lengthy cranes 
are used, or boom deployment of the telescope is employed, EVA may be required to access 
the instrument section of the telescope. Conversely the solar shields could be removed to 
allow direct access to the ISIM from the CEV. 
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servicing mission objectives are necessary. A servicing logistics module carrying all the servicing 
components and agents will have been launched to couple with the CEV or servicing facility before 
SAFIR arrives. 
 
CEV or agent connection: The CEV, or a mobile or extensible operating agent of the servicing 
facility, is deployed to rendezvous with and capture SAFIR, bringing the spacecraft bus interface to 
dock with the CEV or servicing facility. Here direct power and control connections are established 
and all the servicing tools and replacement parts are accessible. Functionality and safety checks are 
established. As shown in Figure XI-2, a boom-deployment architecture for SAFIR is highly enabling 
in this regard, as the service agent is able to reach around to the back end of the telescope without 
removal of the sunshield, and without a highly articulated crane.. Were this architecture not 
employed, a riskier EVA or fly-around rendezvous with formation flying might be necessary to reach 
the telescope, or even wholesale removal of the solar shields. The latter option may be considered a 
standard servicing upgrade, however, to replace a sunshield with degraded reflectivity or meteorite 
perforations. In this case, the sunshield would be discarded before servicing on the telescope would 
even begin. 
 

 

 
 
 
 

 
 
Figure XI-2: One of the advantages of boom-
deployment architecture for the SAFIR telescope 
is in allowing observatory servicing to be done 
advantageously. In this schematic, the telescope 
(in operational configuration at top) is shifted to 
the edge of the sunshield for servicing (at 
bottom), allowing the CEV crane to reach the 
instrument housing at the back of the OTA, and 
putting the telescope into sunlight. 

 
 
Subsystem replacement: An extensible agent, perhaps a reconfigurable crane, uses tools to 
sequentially remove and replace individual subsystems as required. Sunshield patching or wholesale 
replacement is the last item. It is even possible to consider recoating of the reflecting surfaces, using 
the high vacuum to allow efficient evaporative coating deposition. 
 
Retanking: The station-keeping propulsion system is serviced either with replacement modular 
components or retanked.  
 
Intervention-enabled redeployment: While SAFIR is attached to the CEV or servicing facility, 
major deployments (e.g. new sunshield) are commanded. Active mobile agents are available for 
mechanical intervention if something jams or sticks.  
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Early system checkout: SAFIR is released from the servicing facility to the stand-off position to 
allow a system functional test. The observatory is put into a sun-oriented attitude, allowing the inner 
shield and telescope to cool. All SAFIR systems are powered up and functionally tested. Basic 
pointing and stabilization tests are conducted on the telescope while it is still warm. Cooldown 
profiles are compared to expectations and the experience base. When the basic tests are completed 
satisfactorily, the CEV or mobile extensible agents are withdrawn agent from SAFIR. 
 
Detailed system checkout: SAFIR is allowed to cool while in the vicinity of L1, reaching 
temperatures below 50K. (The Earth and Moon are not necessarily behind the shield.) The built-in 
active cryocoolers put the cooled sensors into their operating range. The scientific instruments are 
exercised, and performance is matched to expectations for performance at the temperature achieved.  
 
Return to L2: Upon full and satisfactory completion of all performance tests, the SAFIR observatory 
departs from L1 and travels to, and is injected back into L2. SAFIR Science operations restart. 
 
 
Conclusion 
We have presented here a broad overview of the advantages, issues, and concerns that in-space 
operations for servicing SAFIR would involve. A more detailed review must await a better 
understanding of the implementation plan for the human and robotic elements of the Vision for Space 
Exploration, such that leveraging opportunities will be made clearer. CEV design, and the value of L1 
gateway operations to the Vision are critical factors in this regard. 
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XV. Technology Status and Roadmaps  
 
Although our baseline design for SAFIR appears remarkably achievable, based on missions being 
developed now, it is clear that realizing the full potential of the observatory will require high value 
technology advances, and these advances should dictate routes for near term investment. In this 
section, we identify four lines of technology that show great promise for SAFIR and, very 
significantly, for many high priority Universe missions. For each of these, we review the state-of-art, 
consider critical needs for improvement, and roadmap an investment strategy for the agency that 
would result in the necessary capability for SAFIR. 
 
 

 
A. Detector Technology 
Mid- and far-infrared detectors need expansion to larger formats that can take advantage of the 
large field of view of SAFIR. Detector sensitivities that are a factor of ten greater than currently 
available would allow background-limited performance at all wavelengths even in moderate 
resolution spectrographs. Efforts to date provide credible routes to these, but need investment. By 
providing a platform for test and operational characterization, SOFIA will offer missions like 
SAFIR important resources. 

 
 
B. Mirror Technology  
Lightweight, stiff, cryo-capable mirror technologies are of great importance to large space 
telescopes. Efforts to date are close to achieving the characteristic needed for SAFIR, but need 
renewed investment. The AMSD program to identify relevant substrate designs is reviewed. 
 
 
C. Distributed and Active Cryocooling  
SAFIR is likely to need active cryocoolers coupled not just to focal plane instruments, but to the 
inner layer of the sunshield. The first technology to be considered is the active cooler to provide 
the 4K environment for the optical components. Second, we describe the technology 
developments needed for passive (radiative) cooling of the sunshield. Finally, we summarize 
active cooling technologies for the instruments, which require <<1 K temperatures for their 
detectors (see also Section VII). 
 
 
D. Large Deployable Structures  
Packaging and autonomous deployment of large telescope systems is being dramatically 
advanced by JWST, but new strategies, such as mirror stacking and boom deployment would be 
highly enabling for the SAFIR mission. The needs for large membrane mirror technology and the 
DART system are discussed in Appendix C. 
 
 

A top level technology roadmap timeline is provided at the end of this section.
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A. SAFIR Detector Technology 

 
Motivation for Larger Format Far Infrared Detectors 
Optical arrays are now in use with tens of millions of pixels. In contrast, the largest space far-infrared 
array is the 32x32 Spitzer photoconductor array. The situation is the same across the entire 
wavelength range that we are considering for SAFIR. To answer the fundamental science questions 
that can be addressed by SAFIR, significantly larger far infrared and submillimeter arrays will be 
needed. Since the angular resolution of future missions will likely be an order of magnitude better 
than Spitzer, much larger arrays will be needed to cover useful areas of sky. The time required to 
measure a given section of sky to a specified noise level scales as [Sensitivity2 / Npixels]. The squared 
dependence gives a high priority to improvements in detector sensitivity. However, the detection 
sensitivity for astronomical sources will eventually be limited by background photon noise or 
confusion. In that case, increasing the number of pixels becomes the highest priority of detector 
development. For broadband imaging applications, the raw sensitivity of existing long wavelength 
direct detectors is adequate to approach background or confusion limits. Large gains in observing 
capability will need to come primarily from increasing array sizes. This subject has been reviewed in 
a previous report -- Young, E.T, et al. 2002, "Detector Needs for Long Wavelength Astrophysics”, 
NASA Infrared, Submillimeter, and Radio Detector Working Group. 
 
In the far-infrared and sub-millimeter, SAFIR will provide immense advances in both sensitivity and 
angular resolution. In many instances, Spitzer observations are confusion-limited. The full power of 
SAFIR will only be realized if future imagers can preserve the inherent angular resolution provided 
by the observatory. Hence, proper sampling will be an important element of any camera design. For 
70 µm with a 10 m telescope, this requirement translates to λ/2D pixels of only 0.7 arcsec. At the 
same time, it will be highly desirable to have array fields of view of at least 1 arcmin, to allow 
efficient mapping. Indeed, many of the key objects of interest such as nearby galaxies, star forming 
regions, and evolved stars have structures on arcmin scales. These two goals imply far-infrared 
detector arrays of 128x128 or even larger formats—clearly beyond the current generation of 
fabrication techniques.  
 
Experience with large format arrays at other wavelengths shows that such instruments quickly 
become the workhorse instruments at an observatory. Certainly, the ongoing experience with Spitzer 
amply demonstrates the need for larger, more sensitive arrays on larger telescopes. Spitzer has also 
demonstrated the power of large format arrays for spectroscopic investigations. Extending these 
capabilities to longer wavelengths will be essential for SAFIR. In this section we touch on a number 
of areas of astronomy that will demand larger arrays. 
 
• Detector Performance Requirements 
 
In this section we describe fundamental limits to detector performance, summarize the current state of 
the art, and present our findings for the developments in detectors and detector systems needed to 
answer the key science questions identified in the NASA Strategic Plans and the National Academy 
of Sciences reports. 
 
Fundamental limits on performance 
The fundamental lower limit on noise in astronomical observations is set by the statistical fluctuations 
of photon rate from the region of sky being observed. These are typically photons from a background, 
which may be dominated by the integrated emission from unresolved sources (e.g., the X-ray and far-
infrared backgrounds), or which may be diffuse emission (e.g., the Cosmic Microwave Background 
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and the zodiacal light). Figure XV.A-1 below shows the flux (lFl) of these natural backgrounds from 
infrared to millimeter wavelengths. These backgrounds are dominated by scattered sunlight and 
zodiacal thermal emission shortward of 100 µm, by Galactic and extragalactic dust emission from 
100–400 µm, and by the Cosmic Microwave Background at wavelengths longer than 400 µm. 
 
Ideally, the noise generated by detectors, instruments, optics, etc. is small compared to this 
background noise. This condition is referred to as the Background-Limited Infrared Photodetection 
limit, or BLIP limit. Reaching the background limit in the infrared, submillimeter, and millimeter 
spectral region, invariably requires cooling optics to reduce thermal emission and cooling detectors to 
limit fundamental noise sources. Figure XV.A-2 at left shows the detector Noise Equivalent Powers 
(NEP) required for a possible version of SAFIR to be BLIP limited. We assume a single mode 
detector (AΩ = λ2), where A is the telescope area and W is the pixel field of view on the sky. Two 
scenarios are computed, broadband imaging with a spectral resolution of R = λ/Δλ = 4, and moderate 
resolution spectroscopy with a spectral resolution of 1000. For other resolutions R and optical 
efficiencies τ, the NEP scales as (τ/R)1/2. 

Astronomical measurements are also subject to confusion. If the density of discrete sources on the sky 
is such that multiple sources lie within a single resolution element, fluctuations in the integrated 
emission from these unresolved sources from pixel to pixel on the sky add uncertainty to the measure-
ments of brighter sources that stand out from the background. The “confusion limit” depends on 
angular resolution, wavelength, and to a certain extent on sky position. For example, at its longest 
wavelength of 160 µm, Spitzer reaches the confusion limit in as little as 40 seconds even in regions of 
low background. 
 

 
Figure XV.A-1: Astronomical background levels from infrared to millimeter wavelengths. 
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Figure XV.A-2: Photon noise defining background-limited performance for SAFIR. 
 
If it turns out that the far-infrared background is entirely due to sources that become resolved with 
future facilities, then the infrared background limit would be a resolution-dependent confusion limit, 
and inferences from Figure XV.A-2 would have to be interpreted accordingly. A discussion of the 
various limits can be found in Rieke et al. (1995, “Detection Limits in the Far-Infrared”, Space 
Science Reviews, 74, 17). 
 
In addition to the basic sensitivity requirements, useful astronomical sensors should exhibit good 
photometric behavior. Freedom from non-linear effects, predictable behavior, and stable performance 
in an ionizing radiation environment are all important for space astronomical detectors.  
 
Detectors that respond only to the intensity of the electromagnetic field are called “direct” or 
“incoherent” detectors. Examples of direct detectors are photon detectors and bolometers. Systems 
with photon number gain while preserving both phase and amplitude of the field prior to detection are 
called “coherent” detectors. Examples of coherent detectors include heterodyne and High Electron 
Mobility Transistor (HEMT) amplifier systems. Since amplitude and phase are non-commuting 
quantities in quantum mechanics, there is a limit to the precision with which they can be measured 
simultaneously. This results in a fundamental noise floor that affects coherent, but not direct 
detectors. This “quantum noise limit”, expressed as a noise temperature, is given by hν/kB, where h is 
Planck's constant, ν is the frequency, and kB is Boltzmann's constant. Numerically, the quantum limit 
is 0.05ν K/GHz, or 50ν K/THz. Equivalently, the quantum limit can be thought of as the photon shot 
noise from a background of one photon per second per unit bandwidth. 
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The mean photon occupation number n0, defined as the number of photons per spatial mode per 
second per hertz of bandwidth, is useful in characterizing the photon background. The quantum noise 
floor for a coherent detector corresponds to n0≈1. Thus for low backgrounds, i.e., n0 <<1, BLIP-
limited direct detection is lower noise by a factor ≈ n0

1/2. For high backgrounds, i.e., n0»1, noise in 
both types of detector is limited by background photon noise, and both types have comparable sensi-
tivity. Figure XV.A-3 shows that the quantum limit is not important for ground-based or airborne 
submillimeter telescopes where the background is dominated by hot thermal emission of the optics or 

the atmosphere, but is a serious issue at frequencies beyond 1 THz for a cold telescope in space, 
where direct detectors enjoy a large advantage. As a result, direct detection should be used for 
imaging instruments and low-to-medium resolution spectroscopy on low-background space 
telescopes. Note, however, that the CMB itself contributes n0>1 below about 50 GHz (λ = 6 µm); thus 
at these frequencies, coherent receivers can be competitive for observation of the CMB. 
 
The situation for high-resolution spectroscopy is subtler. While grating spectrometers with array 
detectors are the systems of choice for moderate resolutions, they cannot provide the highest 
resolutions at long wavelengths. The difficulty with grating spectrometers is that for a resolution R, 
the linear size must be of order Rλ. Achieving R = 106 at λ = 200 µm would require a cold grating 
200 meters long! Other classes of spectrometer, such as Fabry–Perot spectrometers, solve this size 
problem by folding the optical path, and resolutions approaching R = 106 are achievable. The cost is 
reduced sensitivity because of the need to scan through the spectrum. Figure XV.A-3 shows the 
penalty for a scan of 30 spectral elements, which is sufficient to give a modest amount of information 

 
Figure XV.A-3: Noise of an ideal direct detector σd

P with system efficiency ηd=0.1 divided by 
the noise of an ideal coherent detector σc

P with a system efficiency of ηc=0.5. The vertical 
arrow shows the sensitivity penalty associated with a 30-channel sequential spectral scan. The 
indicated temperatures refer to the cryogenic space telescope temperatures. 
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about the line shape. In practice, system factors combine to strongly favor coherent heterodyne 
detection for high-resolution spectroscopy for frequencies below 1.5–2 THz (λ >200 - 150 µm). In 
addition, coherent detection is competitive at low frequencies where quantum noise is not an issue. 
 
• Current Capabilities for SAFIR: Technologies for Direct Detection 
 
Direct detectors for wavelengths from 40 µm to several mm are used to measure many different 
astronomical phenomena including thermal radiation from dust in our galaxy, redshifted dust 
emission from the earliest galaxies, and the CMB. These sources comprise >80% of the radiant 
energy in the universe. Because there is no commercial or military interest, these detectors are built 
by and for astronomers. Progress in receiver sensitivity has been remarkable. The speed with which a 
given region of the sky can be mapped has increased by a factor 1018 in 40 years, corresponding to a 
doubling of speed every 12 months. Sensitivities of individual detectors are approaching the 
fundamental limits set by photon noise. As shown in Figure XV.A-1, these correspond to NEP ~ 10-18 

WHz-1/2 for photometry, which can be achieved, and ~10-20 WHz-1/2 for spectroscopy, which remains 
difficult. However, the science goals discussed previously will require arrays of long wavelengths 
direct detectors in formats that do not now exist. 
 
There are many requirements for useful arrays of direct detectors. These include sensitivity at the 
photon noise limit for the particular application, insensitivity to cosmic rays, wide dynamic range, 
simple time response, low power dissipation, moderate cryogenic requirements, etc. System require-
ments such as output multiplexing and practical ambient electronics are also critical. Existing long 
wavelength arrays are either limited to a few hundreds of detectors or fall short of the above 
requirements in important ways. There is much room for improvement. Fortunately, developments 
now envisioned or now in progress promise to enable the arrays required for future missions. 
However a sustained effort by NASA will be required to produce flight-ready hardware. 
 
There are three main types of long wavelength direct detector. In a photon detector, the absorbed 
photon creates one or two electronic excitations that are measured before they are thermalized. 
Examples include photovoltaic, photoconductive, and blocked-impurity-band (BIB) devices made 
from semiconductors. There are also quasiparticle photon detectors made from superconductors. 
Photon detectors have a long wavelength cut-off set by the excitation energy (energy gap) and an 
operating temperature requirement set by the noise from the thermally excited dark current. In 
thermal detectors, such as bolometers with semiconductor or superconducting Transition Edge Sensor 
(TES) thermometers, the electronic excitation by the absorbed photon is thermalized before it is 
measured. There is no fundamental long wavelength cut-off, and the operating temperature 
requirement is set by the need to reduce thermal fluctuation noise. The required temperatures are 
typically lower than for photon detectors. A third distinct type of receiver, used as a direct detector at 
millimeter wavelengths, consists of a High Electron Mobility Transistor (HEMT) amplifier followed 
by a diode direct detector.  
 
Photoconductors 
Photoconductors provide a number of significant system-level advantages that continue to make them 
important detectors in the far-infrared. Most importantly, because they have well defined cutoff 
wavelengths, high levels of performance can be attained without the need for sub-Kelvin cooling. 
Second, photoconductors produce large signals that are compatible with silicon-MOSFET amplifiers, 
allowing a direct technology path to advances in silicon device advances. Additionally, 
photoconductors can have a wider dynamic range than bolometers. 
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Conventional Photoconductors 
Photoconductive detectors of Ge:Ga have been widely used for astronomy, for example, on IRAS, 
COBE, IRTS, ISO, and the Kuiper Airborne Observatory. Ge:Ga arrays have been developed for the 
Multiband Imaging Photometer for Spitzer (MIPS) instrument, and detectors are being developed for 
spectroscopy with the Photoconductor Array Camera and Spectrometer (PACS) instrument on 
Herschel. The MIPS has two Ge:Ga arrays. One array has 1024 unstressed detectors covering 50-100 
µm. The other array has 40 detectors, which have been stressed to reduce the excitation energy, for a 
160 µm band. They operate at temperatures of 1.5 K, have detective quantum efficiencies of 15-20%, 
and use custom (but commercially produced) cryogenic CMOS charge-integrating amplifiers and 
multiplexers. The Spitzer arrays are the result of a long development process and are a major 
achievement. The 70µm array (Figure XV.A-4 below) is the only 1024-element far-infrared direct 
detector system. There is, however, room for improvement. Higher quantum efficiencies would yield 
significant benefits. Conventional germanium photoconductors have low absorption coefficients, 
require large volumes, and thus have significant cosmic ray sensitivity. They also have complicated 
time responses that affect calibration, observing strategies and data analysis in low background appli-
cations. Recent theoretical insight suggests that there may be an opportunity to eliminate some of the 
nonlinear behavior. Compared to the hybrid detector arrays found at shorter wavelengths, these arrays 
are complex and require hand assembly of monolithic elements. In particular, in the case of stressed 
detectors, the need to apply a uniaxial stress to extend the long wavelength cutoff adds significant 
mechanical complexity. Figure XV.A-5 shows the PACS 400-pixel stressed array that will fly on 
Herschel. In this array, stress is applied to a column of 16 pixels and 25 of these stressing rigs are 
stacked to make the full array. 
 

 
Figure XV.A-4: The Spitzer/ MIPS Ge:Ga Array. The array is 32x32 format  

and covers the wavelength range 50 - 110 µm.
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Figure XV.A-5: PACS stressed photoconductor array. 

 

Impurity Band Conduction (IBC)∗  IR Detector Arrays 
At shorter wavelengths shorter than 36 µm, conventional photoconductors have been replaced by IBC 
(or BIB)* devices that have a number of well-known advantages. These include high quantum effici-
ency, low cosmic ray cross-section, simple time response, extended wavelength coverage, and array 
fabrication by optical lithography. Figure XV.A-6 depicts the representative structure of an n-type 
IBC detector. The energy band diagram shows the heavily doped IR absorbing layer with the 
associated impurity band and the low-doped blocking layer that prevents the dark current from 
reaching the electrical contacts. The IBC / BIB detectors have demonstrated clear advantages in 
radiation hardness and photometric operation, and they offer a modest extension in wavelength 
coverage compared to the earlier bulk photoconductors. 
 
A modest NASA program to produce longer wavelength IBC detectors from Ge has made steady 
progress. However, methods for producing the required epitaxial low-doped blocking layer remain 
problematic. Recent successes in producing low-doped epitaxial blocking layers suitable for GaAs 
IBC detectors suggests that it may be possible to extend IBC photon detector performance to arrays at 
wavelengths as long as 400 µm. Satisfactory detector pixels are anticipated, but have not yet been 
produced. If successful, however, the potential payoff will be very large, promising many of the 
benefits currently enjoyed at shorter wavelengths including operating temperatures higher than 
required by thermal detectors and the applicability of silicon multiplexer technology. MOSFET 
amplifiers and multiplexers that operate at these low temperatures exist, but their use at longer 
wavelengths will require additional optimization. Additionally, the maintenance of the foundry 
production capabilities remains an issue. 

                                                
∗ The terms Impurity Band Conduction (IBC), and the trademarked name Blocked Impurity Band 
(BIB), are equivalent. 
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Readout Technology 
Since temperatures of less than 3 K will be needed to suppress dark current in long wavelength 
photoconductors, specialized low-temperature readouts are required. The silicon multiplexers must be 
specially designed and processed, to allow low noise operation at sub-freezeout temperatures. This is 
a difficult challenge, both because of the low-temperature device physics, and because of the ongoing 
problem of identifying silicon foundries willing to depart from their normal processing schedules. 
There are numerous examples of such ‘deep-cryo’ custom foundries failing, or moving on to other 
interests. Years are often required to (try to) reestablish a lost capability, with serious consequences in 
the development of readouts in both the 5 – 40 µm range, and also for the 50 – 200+ µm far-infrared, 
which requires even lower temperatures. 
 

 
 
 
 
 
 
 
Figure XV.A-7: SPIRE Spider Web bolometer 
module 
 
 
 
 
 
 
 
 

 
Figure XV.A-6: Representative Structure of n-Type IBC Detector; (b) 

Band diagram of the detector. (Haller and Beeman 2002). 
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Thermal Detectors 
Well-developed semiconductor bolometer technologies exist to produce arrays of tens to hundreds of 
pixels that are operated at temperatures of 100 to 300 mK. They are typically fabricated by 
lithography on membranes of Si or SiN and use thermistors of ion-implanted silicon or neutron-
transmutation-doped Ge. Thermistor impedances of ~ 107 Ω match well to JFET amplifiers operated 
at ~ 100K. An AC bias is used when low frequency noise must be minimized. The photons are 
absorbed by metal films that can be continuous or patterned in a mesh. The patterning can be 
designed to minimize the cosmic ray cross section, to select the spectral band, to provide polarization 
sensitivity, or to control the throughput. Bolometer architectures include pop-up structures or two-
layer bump bonded structures for close-packed arrays and spider web or other bolometers for horn-
coupled arrays. Bolometers are used from 40 to 2000 µm in many experiments including NASA 
pathfinder ground based instruments, balloon experiments such as BOOMERANG, MAXIMA and 
BAM, airborne instruments such as HAWC and SAFIRE on SOFIA, and on the forthcoming HFI 
radiometer on Planck and SPIRE on Herschel. Figure XV.A-7 shows the SPIRE Qualification Model 
bolometer module, which is representative of the current state of the art in semiconductor bolometer 
systems. 
 

 
 

Figure XV.A-8: Close packed 12x32 HAWC bolometer for use on SOFIA. 
 
The SOFIA airborne observatory will achieve spatial resolutions in the far-infrared that will allow the 
most detailed maps of far-infrared sources to date. As the facility far-infrared camera for SOFIA, 
HAWC will provide high resolution mapping - up to 6'' - and photometric capability in its four 
passbands from 40 µm through 300 µm. The detector array for HAWC, shown in Figure XV.A-8 
above, is the largest cryogenic bolometer array in the world with a 12x32 format of 1 mm x 1mm 
pixels. It operates from a 200 mK bath to provide background-limited performance in a Nyquist-
sampled pixel at each wavelength. Fabricated using the NASA/GSFC pop-up detector architecture, 
the HAWC array provides >50% broadband quantum efficiency and >95% filling factor. This 
technology features implanted silicon thermistors, photolithographic production, and optional 
wavelength-tuned resonant cavities for even higher efficiency for fixed wavelength operations. 
SOFIA served as the driver and major funding source to develop this technology from the conceptual 
stage to a flight instrument, and will play an important role in future infrared sensor development 
efforts as a target operational platform. 
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The current generation of bolometers gives excellent performance in many applications. Quantum 
efficiencies can be high, and the time-domain response is simple and calibration is straightforward. 
However, the operating temperatures are lower than for photon detectors, necessitating the use of sub-
Kelvin (0.3 to 0.1 K) refrigerators. With well established semiconducting thermistor technology the 
interface between the cold bolometers and the JFET amplifiers, which must operate at 100 K, can 
cause electrical, thermal and microphonic problems. Moreover, the JFET amplifiers generate 
significant heat and have small noise margins. For these reasons, arrays of semiconductor bolometers 
have been limited in number of pixels.  
 
There has been much recent effort on thermal detectors using the voltage-biased superconducting 
Transition Edge Sensor (TES) and Superconducting Quantum Interference Device (SQUID) readout 
amplifier. These devices can be made entirely by thin film deposition and optical lithography. The 
negative electrothermal feedback increases the response speed, improves the linearity, provides some 
suppression of Johnson noise, and isolates the bolometer responsivity from changes in infrared 
loading or heat sink temperature. The benefit in linearity, however, comes at the cost of sudden 
saturation. There is also some suppression of Johnson noise. The SQUID amplifiers operate at bolo-
meter temperatures, dissipate very little power and have significant noise margin, permitting the use 
of a SQUID as a multiplexer. These bolometers are being produced with architectures that could be 
scaled to the large format horn-coupled and filled arrays required for many new missions. However, 
at the performance levels required for reaching the background limit in a SAFIR imager (NEP ~ 10-18 
W/Hz1/2), bolometers must be operated below 0.1 K.  
 
Most notable is the development effort for the SCUBA-II instrument for the JCMT. The instrument 
will use 1280-element arrays of Transition Edge Superconductor (TES) bolometers bump bonded to 
SQUID multiplexers fabricated at the National Institute of Standards and Technology. The first 
prototype arrays have been fabricated. Figure XV.A-9a shows the SQUID multiplexer and Figure 
XV.A-9b shows the array of TES bolometers that is indium bump bonded to the multiplexer. Success 
of cryogenic multiplexing schemes will be essential for the construction the required array formats for 
SAFIR. One concern regarding the future use of large format SQUID mulitplexing is that NIST is 
currently the only provider of this technology. The maintenance of that foundry or the development of 
other foundries is a critical issue if multiplexed SQUID readouts are to be widely adopted.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure XV.A-9: (a, at left) SQUID Multiplexer array. (b, at right) Array of TES bolometers. The two 
parts are indium bump bonded to produce the 1280-element SCUBA-II array. 
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• Developmental Technologies 
 
The path to reaching the sensitivity levels required for a high resolution spectrometer, NEP ~ 10-20 
WHz-1/2, is unclear. New effects such as the quantization of thermal conductance in the bolometer 
support legs may limit the improvement achieved in bolometers by lowering the temperature and by 
geometrical means. Consequently a number of novel approaches are being explored. 
 
If a superconductor is operated at temperatures well below the transition temperature, most of the 
electrons are bound in Cooper pairs. Photons of sufficient energy can break these Cooper pairs, and 
the resulting two single excited electrons or quasiparticles can be detected by various methods. The 
readout is designed to be sensitive to these quasiparticles, but not to the pairs. Because there is a 
definite energy cutoff associated with the breaking of the Cooper pairs, the generation-recombination 
noise of this class of detectors shows an exponential temperature dependence. A number of 
quasiparticle sensing schemes have been considered including tunneling junctions and kinetic 
inductance detectors. Results to date have been promising, but the technology is still in its early 
stages. Examples of pair-breaking detectors are the Superconducting Tunnel Junction detectors and 
the Kinetic Inductance Detectors. 
 
In the Hot Electron Bolometer (HEB) direct detector, the bulk material that is heated is replaced by 
electrons in a very thin metal film. Because of weak electron-phonon coupling in the device, the 
incoming radiation heats the electrons to a temperature appreciably above that of the lattice. This 
temperature change can be sensed in the same manner as for a conventional TES bolometer. 
Submicron sized devices operating at 0.1 K could, in principle, reach the desired sensitivity levels. 
Currently, this technology is in the earliest proof of concept stage of development, and significant 
effort will be required to address issues such as fabrication, performance limitations, optical coupling, 
and readout technology. 
 
• Current Capabilities for SAFIR: Technologies for Coherent Detection 
 
A coherent receiver system usually consists of a local oscillator (LO), which produces a 
monochromatic signal at frequency nLO; a "mixer", which is a nonlinear device that down-converts 
the signal collected by the telescope at frequency ns to a lower microwave frequency nIF = |ns-nLO|, 
known as the intermediate frequency (IF); a series of IF amplifiers; and finally a "backend" 
spectrometer which produces a spectrum of the IF signal. This IF spectrum is a replica of the 
spectrum of the telescope signal. The mixer usually determines the sensitivity of the system. At 
submillimeter and far-infrared wavelengths, the mixer is usually a superconducting device. 
Alternatively, at centimeter and millimeter wavelengths, low-noise amplifiers may be used prior to 
downconversion using standard semiconductor diode mixers. For continuum radiometers, such as 
those used for CMB observations, the down-conversion step may be omitted, in which case the 
amplified signal is filtered and detected, usually with a diode detector. In all cases, the system has a 
large photon number gain, and is therefore subject to the quantum limit.  
 
Mixers  
Dramatic advances have been made in submillimeter and far-infrared mixers over the past decade. 
Semiconductor Schottky-diode mixers have been replaced by Superconductor-Insulator-
Superconductor (SIS) tunnel junction and superconducting Hot Electron Bolometer (HEB) mixers. 
These devices use metallic low-Tc superconductors and generally operate at 1.5 - 4 K. Alternative 
devices are also being investigated, such as those using semiconductor quantum wells. These may 
offer advantages such as higher temperature operation, but competitive devices have not yet been 
demonstrated. SIS mixers have achieved sensitivities within a factor of two of the quantum limit at 
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millimeter wavelengths. However, mixer performance above 1 THz (300 µm) degrades to typically 
40 times the quantum limit. It is not yet clear whether current device concepts will allow the quantum 
limit to be approached at high frequencies.  

 
SIS Mixers  
At frequencies below 1.2 THz (λ > 250 µm) superconducting tunnel junction (Superconductor-
Insulator-Superconductor or SIS) mixers offer the best performance. These devices behave essentially 
as photodiodes; photon-assisted tunneling produces one electron of current per photon absorbed. The 
tunnel junction itself is usually made using niobium (Tc = 9.2 K) or higher Tc niobium alloys such as 
NbN or NbTiN, along with a very thin (10—20 Å) tunnel barrier, usually aluminum oxide or 
aluminum nitride (AlN). It is nontrivial to fabricate high quality tunnel junctions, and only certain 
materials combinations have proved successful. The submillimeter signal is coupled to the SIS 
junction from a waveguide probe or planar antenna using a thin-film transmission line circuit. The 
theory of SIS mixers is quite well developed and is used extensively for detailed design. One of the 
main challenges for high-frequency SIS mixer design is dealing with the large parallel-plate 
capacitance of the SIS junction. It is necessary to fabricate an inductive tuning circuit along with the 
tunnel junction. This approach is very effective for millimeter-wavelength mixers, and noise within a 
factor of a few of the quantum limit has been achieved. At higher frequencies, especially over 1 THz 
(300 µm), the losses in the tuning circuit become important and cause the mixer performance to 
deteriorate. Nevertheless, good performance has been obtained up to 1.2 THz (250 µm) for the HIFI 
instrument for the Herschel Space Observatory, with noise within a factor of 20 of the quantum limit. 
The upper frequency limit for SIS mixers given current technology is around 1.5-1.6 THz (200-188 
µm).  
 
HEB Mixers  
Hot Electron Bolometer (HEB) mixers use a small, thin superconducting film operating at the 
transition temperature, coupled to a waveguide probe or planar antenna. Changes in the submillimeter 

Figure XV.A-10: Achieved DSB mixer noises as a function of frequency for various technologies. 
The lines indicate 2X and 20X the quantum noise limit of hν/KB. From Zmuidzinas and Richards 

(2004 Proc. IEEE, 92, 1597). 
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power deposited in the HEB cause changes in the resistance, much like the TES readouts for direct-
detection bolometers. A major issue for HEB mixers is achieving a thermal time constant that is fast 
enough to yield a useful IF output bandwidth of a few GHz. Two methods are used: (1) phonon 
cooling, using ultra-thin NbN or NbTiN films; (2) diffusion cooling, using sub-micron Nb, Ta, NbAu, 
or Al devices coupled to normal-metal cooling “pads” or electrodes. Competitive sensitivities have 
been demonstrated for both types of devices. Phonon-cooled devices perhaps enjoy a modest 
sensitivity advantage, while diffusion-cooled devices may have broader IF bandwidths. In contrast to 
SIS mixers, HEB devices do not have an identifiable high frequency limit, and have been 
demonstrated well into the far-infrared, at frequencies exceeding 2.5 THz (λ ~ 120 µm). Figure 
XV.A-11 illustrates an example device. Typical performance levels are a factor of 20 over the 
quantum limit, or roughly 1 K/GHz for the double-sideband noise temperature. The detailed physics 
of HEB mixers is not thoroughly understood yet, although significant progress is being made.  

 
Figure XV.A-11: Microbridge HEB mixer designed for frequencies as high as 2.5 THz (from JPL). 

 
Local Oscillators  
Superconducting mixers typically require microwatt LO powers, which is roughly 3-4 orders of 
magnitude lower than their semiconductor (Schottky diode) predecessors. As a result, a broader range 
of LO sources can be used. The technologies being used or investigated include diode multipliers, 
lasers and optoelectronics, and “vacuum tube” oscillators such as klystrons, including novel nano-
fabricated versions. At present, there are no proven technologies for wide-band LO sources above 2 
THz. 
 
Frequency Multipliers  
Multipliers use semiconductor (Schottky varactor) diodes to generate successive harmonics of a 
powerful millimeter-wavelength signal. Several multipliers may be cascaded to obtain high 
multiplication factors, e.g. x12 or x16. Dramatic advances in this area have been made over the past 
few years, particularly as a result of the developments for HIFI/Herschel. These advances have come 
through a combination of sophisticated electromagnetic modeling, a better understanding of the 
device physics, and vastly improved device and waveguide fabrication techniques. One major 
advance has been the development of millimeter-wave InP HEMT power amplifiers which drive the 
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first stage multiplier. These amplifiers replace Gunn oscillators, and allow broadband operation with 
purely electronic tuning. Another major advance is the development of integrated diode multipliers, 
which eliminate the delicate whisker contacts used previously. These diode devices are mounted in 
waveguide blocks, with a waveguide horn output on the final stage. This all solid-state approach 
offers continuous tuning, high reliability, and relatively straightforward system integration. On the 
other hand, this approach becomes increasingly difficult at higher frequencies. At present, useful 
power from all-solid-state sources has been demonstrated to ~1.5 THz (200 µm).  
  
Lasers and Optoelectronic Approaches  
Optically-pumped far-infrared gas lasers can generate > 1 mW power levels and have been used in 
receiver systems, particularly for pumping Schottky-diode mixers, but are not continuously tunable 
and have numerous drawbacks for space applications. Semiconductor “quantum-cascade” lasers have 
recently been demonstrated at 4.4 THz (70 µm), which need only DC current to produce a far-infrared 
output. So far only pulsed (not CW) operation has been demonstrated. Alternative approaches are 
being proposed, in which a far-infrared semiconductor laser is pumped using another laser, such as 
near-infrared diode lasers. Photomixer LO's are another approach for generating submillimeter 
radiation using optical or near-infrared diode lasers. The photomixer is essentially a very fast 
detector, and generates the submillimeter beat frequency between two optical or near-IR diode lasers. 
A very appealing aspect of this approach is the possibility of generating frequencies over a very wide 
tuning bandwidth. While substantial (mW) power levels have been demonstrated at millimeter 
wavelengths, the output power of photomixers drops very rapidly with frequency. Nonetheless, 
microwatt power levels useful for pumping HEB mixers may be feasible up to 2-3 THz (150 - 100 
µm). 
 
Vacuum-tube devices  
Scaled versions of traditional microwave oscillators such as klystrons and backward-wave oscillators 
have been pushed to frequencies exceeding 1 THz (300 µm). While these devices are continuously 
tunable, they are often bulky, power hungry, require water cooling, and have limited operating 
lifetimes, and therefore have limited applicability for space missions. However, interest in these 
devices has resurfaced recently, due to novel micro- and nano-fabrication techniques that may 
mitigate some of the problems. 
 
Spectrometer Backends  
A wide variety of technologies are available for backend spectrometers. The major parameters of 
interest are bandwidth, spectral resolution, power dissipation, and in some cases, cost. Digital 
correlators can provide very high spectral resolution (<< 1 MHz), can have bandwidths of 1-2 GHz 
per unit, can have numerous operating modes with varying resolutions and bandwidths, and are 
straightforward to mass-produce. This technology continues to advance rapidly, due to the large 
investments being made by the semiconductor industry. However, the power dissipation remains 
relatively high. Acousto-optic spectrometers (AOS), such as those being developed for 
HIFI/Herschel, use substantially less power and can provide ~1 MHz resolution with four 1 GHz 
bands in a single unit. This technology is relatively mature, and only evolutionary improvements may 
be expected. Very wide contiguous bandwidths (4 GHz) with moderate spectral resolution (~30 MHz) 
can be provided with analog correlators, which have relatively low power dissipation. It appears 
possible to extend this technology to much wider bandwidths. An alternative technique for wide band 
(10-20 GHz) spectroscopy has been proposed, involving optical modulation of a visible or near-IR 
laser. 
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• Summary of Current State of the Art 

Direct Detectors  
• No military or commercial technology is available for long wavelength direct detectors. 
 
• Flight Ge:Ga photoconductor arrays for Spitzer have 1024 pixels at 70µm, and 40 pixels at 

160 µm, with MOS multiplexers. These arrays can reach the background or confusion limit in 
non-heroic integration times 

 
• Work on has begun on IBC detectors from Ge or GaAs that have the potential to extend 

lithographed photon detector arrays to ~ 400 µm, but significant effort will be needed to 
demonstrate useful performance for even a single pixel. 

 
• Concepts for longer wavelength superconducting photon detectors have been demonstrated 

and ideas exist for multiplexers. 
 
• Semiconducting bolometer arrays up to several hundred pixels are in use or under 

development. It is unlikely that it will be possible to scale JFET amplifier technology to much 
larger arrays. Larger arrays using MOSFET readouts are under development for the Herschel 
mission.  

 
• Superconducting TES bolometers with SQUID amplifiers up to several thousand pixels are 

under development for ground-based observatories. Performance levels of NEP ~ few x 10-18 
W Hz-1/2 have been demonstrated for smaller scale systems. 

 

Coherent Detectors 
• Mixers operate at nearly the quantum noise limit for frequencies below ~500 GHz (600 µm) 

but performance degrades to 10-20 times the quantum limit above 1 THz (300 µm). 
 
• A number of local oscillator (LO) technologies are in use, including frequency multipliers, 

lasers, and vacuum tube devices, but broad-band capabilities beyond 2 THz have not been 
demonstrated. 

 
• Only small mixer arrays have been built. 

 
 
• SAFIR Detector Development Roadmap 
 
The detector systems for SAFIR are unique in their combination of wavelength coverage, format, and 
sensitivity. These are listed in Table XV.A-1 below. A significant investment by NASA will be 
required to bring these sensors to the needed level of performance and maturity to realize the 
scientific potential of the SAFIR mission. At the long wavelengths there is virtually no military or 
commercial development activity, and advances in these systems have generally been associated with 
particular space astronomy missions such as IRAS, ISO, Spitzer, and Herschel.  
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Key Detector Technologies 

Direct Detectors 
The largest gap between existing capabilities and those needed to fully exploit SAFIR is in array 
sizes. Both imaging and spectroscopic applications will require arrays in excess of 104 elements. The 
increase in format is comparable to the jump from ISO to Spitzer. The risk to the mission concept will 
be a huge decrease in observing efficiency. Given the importance of properly sampling the point 
spread function in imaging investigations (or the spectral response function for spectroscopic 
investigations), the time to complete a map is directly proportional to the number of pixels in the 
array. Indeed, the larger arrays will enable qualitatively different investigations than the current 
technology provides. 
 
We strongly support the development of large format bolometer arrays. The technical approaches 
closest to achieving the needed performance are TES systems with SQUID multiplexed readouts. 
Current efforts are focused on relatively high background ground-based applications, so special 
efforts will be needed to address the specific needs of SAFIR. In particular, the development of 
complete systems, including sensors, readouts, cryogenic systems, and electronics, will be needed to 
meet the ambitious science goals of NASA. 
 
Continued work toward very large photoconductor arrays remains important. The system-level 
advantages of photoconductors make them the devices of choice for many applications. The 
realization of Impurity Band Conduction detectors that operate at far-infrared and submillimeter 
wavelengths should be pursued and would result in a breakthrough in the construction of high 
performance far-infrared arrays. Readouts for far-infrared photoconductors need continued 
development. 
 
The sensitivity levels needed for a low-background spectrometer in the sub-millimeter (NEP ~1020 
WHz-1/2) have not been demonstrated even at the single pixel level. Research to reach this level may 
require new detector types as well as improvements in existing technologies. 

Improvements in Coherent Systems 
The most important goal is to continue the push toward better sensitivity. Sensitivities within a factor 
of a few of the quantum limit have been achieved below ~500 GHz (600 µm ), but there remains 
much room for improvement throughout the radio to far-infrared spectrum. The need is particularly 
acute at frequencies between 1-3 THz (300 - 100 µm) where systems are more than an order of 
magnitude less sensitive than fundamental limits.  
  
For submillimeter heterodyne receivers, a priority is continued local oscillator development, where 
higher frequencies, wider tuning bandwidths, and more output power are all important. For space 
applications, the power consumption of local oscillator sources is an important consideration, and 
improvements in this area will enable larger systems. The development of arrays of coherent receivers 
will provide significant improvements in mapping speed. 

Risk Mitigation 
Given the central role that high performance detector arrays will play in the scientific return of 
SAFIR, this Roadmap fully supports the notion of multiple technical approaches when possible. For 
direct detectors, work on both photoconductor systems and bolometer systems should be supported to 
provide a hedge against technical difficulties. Similarly, for coherent systems, we have identified 
more than one approach for some of the key subsystems such as mixers and local oscillator sources. 
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Validation and Demonstration Approach 
A key point that has been demonstrated many times is that experience with complete observing 
systems is required to fully understand the nuances of astronomical detectors. The translation of a 
laboratory concept to a useful instrument requires attention to a host of details that are important in 
building up a complete system. At SAFIR wavelengths where many of the detector systems are 
unique to space astronomy, the need for system level demonstrations is particularly pressing. 
 
Support for Infrastructure and Intermediate TRL Detector Development 
Mechanisms, such as the APRA Program, exist within NASA to support low-TRL developments, 
while mission funding is available for the final development to bring technologies to full flight status. 
As systems become more complex and expensive, the methods to support the work to take promising 
concepts to mid-TRL prototypes are very limited. It will be important for NASA to develop the 
resources to support this type of engineering as a complement to the existing grants program.  
 
We encourage NASA to explore methods for supporting key infrastructure elements in the research 
community. There is limited commercial or military interest for most of the technologies discussed in 
this report, so NASA will have to assume responsibility for the bulk of the development effort. Often, 
the work involves specialized facilities or equipment, and there are currently very few ways to 
provide the needed support. In particular, the push to large array formats will likely require 
substantial new investments in equipment and facilities. 
 

Science 
Investigation 

Measurement 
Capability 

Current State 
of the Art 

Required 
Detectors 

Measurement of 
FIRB/ Galaxy LF Deep FIR Surveys 

~1000 element 
bolometer arrays 

NEP 10-18 W Hz-1/2 

104 element Direct 
Detector Arrays 

NEP 10-18 W Hz-1/2 

Redshifts of 
Galaxies 

Line Spectroscopy 
R=1000 

~1000 element 
photoconductor arrays 

NEP 10-18 W Hz-1/2 

104 element direct 
detector arrays with 
Response > 300 µm 
NEP 10-20 W Hz-1/2 

Constituents and 
Energetics of 

Nearby Galaxies 

High-Resolution 
Spectroscopy 

R > 104 

~1000 element 
photoconductor arrays 

NEP 10-18 W Hz-1/2 

104 element direct 
detector arrays 

NEP 10-21 W Hz-1/2 

or Coherent 
Spectrometers 

Star Formation in 
Local Universe 

High-Resolution 
Spectroscopy 

R > 105 

20x Quantum Limit at 1 THz 
Single channel coherent 

systems. 

Array heterodyne 
systems near 

quantum limit for 
�  up to 3 THz 

Census of Star 
Formation 

Regions; YSO 
Structure 

Mapping in Lines 
and Continuum ~103 element arrays 104 Element Direct 

Detector Arrays 

Cloud and YSO 
Kinematics Dynamical studies 

20x Quantum Limit at 1 THz 
Single channel coherent 

systems. 

Array heterodyne 
systems near quantum 

limit for 
�  up to 3 THz 

Table XV.A-1 Summary of Detector Needs 
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Synergy with the Suborbital Program 
For much of the SAFIR wavelength coverage, the Earth’s atmosphere is completely opaque. Hence, 
the opportunities for demonstrations on ground-based telescopes are particularly limited. We 
recognize the importance of observing platforms such as SOFIA or balloons for the demonstration of 
many of these technologies. At the same time, some of the observing conditions (such as the ultra-low 
backgrounds of a space-borne spectrometer) cannot be duplicated in a suborbital environment. In 
those cases, specialized laboratory test systems will be essential in systems verification. 
 
 

 
 
 

B. SAFIR Mirror Technology 
 
The Advanced Mirror System Demonstrator (AMSD) program was a collaborative project between 
NASA, Air Force, and NRO to develop lightweight mirror technology that would enable potential 
space optical missions for all three agencies. This program laid the groundwork for the present state 
of art in cryogenic mirror substrates for SAFIR, and can be considered a model for future efforts, and 
we review that effort here. 
 
AMSD had two fundamental goals. Firstly, to develop technical processes which would dramatically 
reduce the cost, schedule, and weight for large-aperture optical systems. Secondly, to mitigate 
programmatic cost, schedule, and weight risk to potential missions. The primary objective of the 
AMSD procurement was to advance the technology in the production of a very low mass mirror 
system that can be produced at a low cost and with short manufacturing times. Mirror system 
performance objectives were demonstrated at both ambient and cryogenic temperatures. A secondary 
objective was to provide mirrors in support of NASA/DOD flight demonstration programs.  
 
AMSD was conducted as a phase down select competition. Eight study contracts led to five Phase 1 
contracts. Four concepts were selected for fabrication under Phase 2, but only two Phase 2 mirrors 
were completed and tested at 30 K, a beryllium mirror manufactured by a consortium of companies 
lead by Ball Aerospace and a ULE® manufactured by Kodak (now ITT). 
 
 
 
 
 
 
 
 
 
 
 
    Figure XV.B-1: ULE® Glass AMSD Mirror  Figure XV.B-2. Beryllium AMSD Mirror 
 

The AMSD program is a model for future NASA missions. It presented two mature technologies to 
the JWST program for consideration. The competition between these two technologies advanced the 
TRL of both, resulted in better defined proposal plans and significantly reduced total cost to the 
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program. Potential return on investment to the government could be on the order of $5 to $10 for each 
dollar invested. These advantages would never have been realized without a parallel development, 
phased down select competition. Additionally, the results of AMSD were significant in selecting the 
JWST prime contractor and fundamental in selecting the JWST primary mirror material. AMSD 
formed a basis for estimating JWST ambient and cryogenic performance, manufacturability, 
schedule, cost and risk.  
 
Using lessons learned from AMSD, a phased down-select process is recommended to mature the most 
promising candidates from TRL-2 to TRL-4/5. Multiple sub-scale mirrors of different technologies 
and at least one full scale mirror should be designed, built and characterized at temperatures of less 
than 10 K. The goal is to demonstrate mirrors suitable for far-IR with an areal density of less than 10 
kg/m2, aperture of 1 to 2 m and cost of less than $500K per square meter. The result will dramatically 
reduce cost, schedule, weight and risk for large-aperture cryogenic optical systems. The effort should 
be conducted in three phases. Phase 1 should perform design trades for up to 7 different concepts. 
Phase 2 should build 3 to 5 sub-scale (0.5 m diameter) spherical mirrors and test them at < 10 K. 
Phase 3 should build one or two full size (~1.0 to 2.0 m diameter) mirror segments and test them at < 
10 K. The selection criteria for Phase 2 and Phase 3 should include but are not limited to: technical 
performance, best value (i.e. highest performance for lowest production cost & schedule), potential to 
advance the state of the art, and scalability to 25 m class telescopes. 
 
There are multiple technical solutions that can achieve the SAFIR mirror requirements. Candidate 
mirror materials include Beryllium (Be), Silicon Carbide (SiC) and Magnesium Graphite Composite 
(MgGr). As shown in Figure XV.B-3, material properties that predict success include specific 
stiffness (ratio of stiffness to density) and thermal stability (ratio of thermal conductivity to CTE). 
Given its planned use on JWST, Beryllium is the incumbent for SAFIR. It has the highest specific 
stiffness of all potential materials. However, its thermal stability is relatively low. Fortunately, for 
SAFIR, this is not a serious issue. On AMSD, the worst case Be cryogenic figure change was 
approximately 170 nm rms. Thus, to achieve a 1 µm rms figure at <10 K, one simply needs to 
fabricate the ambient figure to better than 0.8 µm rms. Obviously, any candidate mirror material with 
a higher thermal stability than Be is a good choice for SAFIR. These materials include SiC and 
MgGr.  
 
The other issue is specific stiffness. SAFIR desires mirrors with >200 Hz free-free stiffness and <10 
kg/m2 areal density. A recent design study by Xinetics reported on at Tech Days 2003 indicates that 
SiC mirrors can be designed to achieve both requirements (Figure XV.B-4). And, any material with 
comparable or higher specific stiffness should be able to achieve both. For example, IABG has 
demonstrated a 0.5 m C-SiC mirror with a 7.8 kg/m2 areal density and Ball has demonstrated a 0.5 m 
Be mirror with 9.8 kg/m2.  
 
To achieve the goal of developing cost-effective 4 K mirrors, duplicate the best practices and 
implement the lessons learned from the highly successful AMSD project: collaboration, focused 
parallel development paths and progressive down-select. 
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Figure XV.B-3: Specific Properties of Candidate Mirror Materials (MMCC Tech Days 2003) 
 
 

Figure XV.B-4: SiC Stiffness to Weight Trade for 1 meter Hex (Xinetics Tech Days 2003) 
 
 
Mirror Concept Design and Trade Study 
In Phase 1 of an AMSD downselect program, we would expect to issue 5 to 7 sub-contracts to design 
mirrors that meet the requirements in Table XV.B-1. Contracts will be for up to 6 months. Emphasis 
will be placed on determining candidate mirror concepts capable of operating in a space environment, 
i.e. space qualified materials, susceptibility to radiation and micrometeoroids, thermal stability, 
mechanical stability from vibration and slewing, launch survival, etc. Emphasis will also be placed on 
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exploring fabrication processes capable of achieving the desired cost and schedule goals. For 
example, particular attention will be given to pursing replication and/or slumping, MRF and/or 
reactive plasma polishing, etc. 
 
Participants for Phase 1 will be selected based upon the potential of their mirror technologies to 
achieve SAFIR’s technical and programmatic needs – as demonstrated by previous NASA, Air Force, 
Army, NRO and/or DARPA funded research. Table XV.B-2 lists most of the recent NASA cryogenic 
mirror SBIR Phase I contracts by year and indicates which have received a Phase II award. 
Technologies to be considered for the recommended technology development effort include but are 
not limited to: cast beryllium and/or AlBeMet; gas infusion borosilicate, fused and/or extruded glass; 
various types of cast and/or machined silicon-carbide and carbon/silicon-carbide; silicon foam and 
silicon-carbide foam; magnesium graphite composites and/or polymer matrix composites; graphite 
epoxy; replicated nickel; nano-laminates and membranes.  
 

Parameter Phase 2 Phase 3 Units Notes 
Diameter 0.5 ~ 1 to 2 meter 1 
Prescription Sphere Sphere  2 
Shape Round Hexagonal   
Areal Density < 10 < 10 kg/m2 3 
Radius of Curvature 2.5 16 meter 4 
Radius Matching TBD TBD µm 5 
Surface Figure at < 10K ~ 1 ~ 1 µm rms 6 
Wavelength (HeNe required) 0.6 to 800 0.6 to 800 µm 7 
Operating Temperature < 10 < 10 K 8 
Cooling Mechanism Passive or Active Passive or Active  8 
Cost per unit area < $500K < $500K $/m2 9 
Max Fixed Cost $100K $400K  10 
Production Schedule < 9 < 18 months 11 
Segment Stiffness (goal) > 200 > 200 Hz 12 
Gravity Sag < 5 < 5 µm PV 13 
Seg Dynamic Survival (goal) > 20 > 20 G’s 12 

 
Table XV.B-1: Low-Cost Cryogenic Mirror System Demonstrator Specifications 

 
Given its planned use on JWST, Beryllium is the leading candidate material for SAFIR. However, it 
is relatively expensive to manufacture. Several new concepts to reduce fabrication cost need 
investigation. These include near net shape casting, acid etching and substrate slumping to a 
replication mandrel. Near net shape casting offers the potential for lower cost substrates. Slumping 
offers the potential for significant cost reduction in grinding/polishing. The feasibility of Be mirror 
slumping was demonstrated during the AMSD program when the Be mirror underwent a shape 
change during a stress-relieving thermal cycle. Additionally, the cryogenic figure shape change 
demonstrated on AMSD is completely consistent with the SAFIR specification. 
  
Silicon Carbide is the heir apparent to Beryllium – partly because of its non-toxicity. It has similar 
performance properties and a perceived fabrication cost advantage. There are many different methods 
for fabricating SiC mirrors. MSFC is funding several projects to quantify the suitability and 
scalability of these processes and has tested SiC mirrors from multiple vendors including: Coors, 
ECM/IABG, POCO, SSG, Trex and Xinetics. It is impossible to describe all the different processes 
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and report the test results. But, here are some highlights. The POCO SuperSiC process performs all 
fabrication steps on relatively inexpensive graphite foam before its conversion into pure single-phase 
Beta SiC. This foam can be machined to tolerances of 25 µm. The optical surface is polished into a 
layer of CVD SiC that is deposited on the front surface. For 1 to 2 m class mirrors, multiple blocks of 
machined graphite can be bonded before conversion. SSG currently has a Phase I SBIR with MSFC 
to study the feasibility of replicating SiC substrates to SAFIR requirements without the need for any 
grinding or polishing. Trex has the ability to grow via CVD SiC mirrors directly on a mandrel. 
Xinetics is pursuing a SiC substrate with nanolaminate surface technology. Coors is teamed with 
Boostec who made the 3.5 m diameter SiC mirror for the Herschel telescope. 
 
Yr Company Title Center P-II 
04 QED Sub-aperture Stitching Interferometry for Large Convex 

Aspheric Surfaces 
GSFC TBD 

04 MMCC Ultra-Lightweight Hybrid Structured Mirror GSFC TBD 
04 RAPT Rapid Damage-Free Shaping of Lightweight SiC Using 

Reactive Atom Plasma Processing 
GSFC TBD 

04 SSG Low-Cost, Silicon Carbide Replication Technique for 
LWIR Mirror Fabrication 

MFSC TBD 

04 CRG SynLam(TM) Primary Mirror Evaluation MSFC TBD 
03 Bauer Integration of Full-Spectrum Metrology and Polishing for 

Rapid Production of Large Aspheres 
GSFC Yes 

03 QED Improved Large Segmented Optics Fabrication Using 
Magnetorheological Finishing 

MSFC Yes 

03 Xinetics Ultra-Lightweight Cryogenic Active Mirror Technology JPL No 
03 Schafer Actively Cooled Silicon Lightweight Mirrors for Far-IR and 

Sub-MMOptical Systems 
MSFC Yes 

03 Trex High Volume, Low-Cost Production Process for High-grade 
Silicon Carbide Optics 

GSFC TBD 

02 CCI Multiform SiC Structures for Lightweight Space-Based 
Mirrors 

GSFC No 

02 Tinsley Computer Controlled Optical Surfacing of Bare Beryllium 
Aspheric Optics 

MSFC Yes 

02 PwdrMet Light Weight Concepts for Mirrors GSFC Yes 
01 Bauer Extended range profiling GSFC Yes 
01 SSG SiCf/SiC Composites w/ Variable Fiber Form for Fracture-

tough Reaction Bonded SiC Composites for Monolithic SiC 
Optical Instruments 

GSFC Yes 

01 MER A Graded Density SiC Foam for Lightweight Optics GSFC No 
 

Table XV.B-2: NASA SBIR/STTR Optics Related Phase I Awards 
 
A related material is Silicon foam. Schafer Corp currently has a Phase II SBIR contract with MSFC to 
build a 0.5 m diameter actively cooled cryogenic mirror. Several smaller Schafer foam mirrors have 
been cryogenically tested at MSFC with good results. 
 
Another material with significant potential is Magnesium Graphite. Its specific stiffness is similar to 
SiC and some forms of MgGr have very good thermal stabilities – implying a complete figure 
stability for ambient to cryo. Also, it offers attractive mass production opportunities. MgGr blanks are 
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easy to machine and can be coated with CVD Si for the optical surface. Alternatively, CVD SiC can 
be deposited. MgGr is a relatively new material and is currently the subject of an SBIR Phase I study.  
 
Cornerstone Research Group has an SBIR Phase I with MSFC to study the suitability of its polymer 
matrix composite material for SAFIR. This material is essentially glass foam. With its 0.6 g/cm3 
density (20% lower than SiC), it has the potential to produce extremely low areal density mirrors. 
Additionally, Cornerstone has developed the ability to ‘tune’ the materials CTE. Mirrors are 
fabricated by replication. The material is applied to a mandrel and cured.  
 
Hextek’s Gas-Fusion™ technology is promising because it offers the ability to meet the SAFIR 
structural, optical, thermal and programmatic requirements. Its closed back offers high stiffness and 
dynamic stability; the 100% fusion bonds and radius corners at the core and face sheet intersections 
are robust and proven to survive high G-force rocket launches. It has been proven to 1.5 m apertures, 
and is scaleable to >2 m. Historical data and testing at MSFC demonstrates borosilicate glass to be 
highly stable at cryogenic temperatures. And finally, the Gas-Fusion™ technology offers tremendous 
cost and schedule savings due to its use of low cost material, and its efficient use of capital, material 
and labor in manufacturing. (Production blank fabrication timing is expected to be 1-2 months for 
each 1.0-2.0 m segment at a cost of ~$100K/m2.) Figure XV.B-5 shows a mirror purchased by MSFC 
and cryo-testing to 30 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ATK/COI has a Carbon Fiber Reinforced Composite (CRFC) material with a copper cladding. 
ATK/COI has cryogenic experience from two different mirrors: its 30 K NMSD Glass/Composite 
Hybrid mirror and its 70 K FIRST Prototype. FIRST demonstrated 10 kg/m2 at 2 m but only achieved 
a surface figure of 5 µm rms at 70 K. NMSD was 11 kg/m2 at 1.6 m and achieved approximately 1 
µm rms at 25 K after cryo-null figuring (CNF). CNF was required to correct cryo-quilting and low-
order deformation. To overcome this quilting problem, ATK/COI has developed a new co-curing 
process to seal the laminates from moisture effects, plus the addition of a copper layer that is thick 
enough to be optically finished using low-cost diamond turning. This approach also completely 
eliminates the fiber-print limitation. 
 

Note 1: Mirror diameter is defined as the physical extent of the substrate. Mirror diameter for 
Phase 3 is measured flat-to-flat across the hexagonal shape. Each vendor is encouraged to 
manufacture the largest mirror that their process can fabricate, meets the requirements and 
costs no more than $400K total. Vendors must show scalability of their mirror concept to a 2 
m flat-to-flat segment. 
 

 
Figure XV.B-5: 25 cm, 14.5 
kg/m2 Gas-Fusion™ substrate 
(potential for < 8kg/m2) 
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Note 2: A spherical mirror is specified only to simplify optical testing. Vendors must use 
fabrication processes that are traceable to manufacturing off-axis SAFIR segments (assume a 
16 m radius of curvature parabolic primary mirror). 
 
Note 3: Areal Density is defined the same as for JWST, it includes mirror substrate and all 
hardware necessary to kinematically attach substrate to a provided test mount. Vendors are 
responsible for providing all mounting hardware to connect their mirror to the provided test 
mount. Vendors must show scalability of their mirror concept areal density to a 2 m segment. 
 
Note 4: Phase 3 radius of curvature depends upon whether the Vendor proposes to test in 
MSFC’s small chamber or in the XRCF. The small chamber can accommodate mirrors up to 
0.8 m in diameter with a radius of 2.5 to 3.5 m. The XRCF can accommodate mirrors up to 4 
m in diameter with a radius of 10 to 25 m.  
 
Note 5: Given that the mirrors will be cooled to a fixed operating temperature, radius 
variability on-orbit should not be an issue. To avoid using an on-orbit radius actuator, the 
mirror fabrication process must be able to produce segments with a repeatable radius of 
curvature. This tolerance is defined by the need for mirror phasing. For a 20 µm system, 
phasing places a segment-to-segment radius-matching requirement of better than 0.5 µm 
peak-to-valley sag. For a 16 m radius 2 m diameter segment this translates into a radius 
matching specification of approximately 0.5 mm. 
 
Note 6: Surface figure is defined to be after removal of tilt, focus and ambient gravity sag. 
Surface figure is reported over the full optical aperture to within 10 mm of the physical 
aperture. For Phase 2, the required surface figure must be achieved at ambient. For Phase 3, 
the required surface figure must be achieved at <10 K. Vendors may uses cryogenic actuators 
to achieve the figure specification provided that they are included in the total cost and areal 
density budget. A premium is place on vendors who can achieve a smooth figure at <10 K 
without significant mid-spatial frequency errors, i.e. quilting or print-through. A surface PSD 
will be calculated for each mirror based on test data. 
 
Note 7: Mirrors must be reflective at HeNe wavelength for optical testing. Compliance with 
wavelength operating range can be demonstrated by showing compatibility of the mirror 
material with a 20 to 800 µm coating. 
 
Note 8: Each Vendor has the option to conductively strap their mirror to a cold plate or to 
connect their mirror to a He source. MSFC will be responsible for the temperature of this cold 
plate or He source. 
 
Note 9: Calculate cost per area based on the mirror’s usable optical aperture. Report for both 
total fabrication cost and recurring cost only. 
 
Note 10: NASA reserves the right to exclude any Vendor from making a Phase 3 mirror who 
cannot produce their Phase 2 mirror in less than 9 months. NASA plans to test all Phase 2 
mirrors regardless of how long they take to fabricate. 
 
Note 11: NASA reserves the right to exclude any Vendor from making a Phase 3 mirror who 
cannot produce their Phase 2 mirror for less than $100K. 
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Note 12: Vendors are encouraged to make mirrors that can survive a launch dynamic 
environment of 20 G’s and are as stiff as possible. Verification can be by measurement or 
model. 
 
Note 13: To facilitate optical testing, the gravity sag shall not be greater than 5 µm peak-to-
valley. 
 
 

Cryogenic Characterization 
Marshall Space Flight Center (MSFC) has extensive experience testing cryogenic mirrors. Since 
1999, MSFC has performed more than 40 cryogenic tests characterizing optical performance at 
temperatures below 30 K on over 15 different mirrors, including: Ball 0.5 m SBMD, COI 1.6 m 
NMSD, Ball 1.4 m AMSD, Kodak 1.4 m AMSD, Goodrich 0.5-meter Pathfinder, IABG 0.5 m C-SiC, 
Xinetics 0.5 m SiC, Brush Wellman 0.5 m Joined Beryllium, Kodak 35 cm LTF ULE, Kodak 25 cm 
LTF Fused Silica, Schafer 15 cm Silicon Foam, POCO 25 cm SiC, Hextek 25 cm Gas-Fusion and 
Schott Bonded Zerodur mirrors. Additionally, MSFC has experience cryogenic testing components 
such as large graphite epoxy structures and cryogenic actuators. 
 
The large cryogenic test chamber (XRCF) has a 6 m diameter by 18 m liquid nitrogen shroud and a 
4.5 m by 14 m gaseous helium shroud. The XRCF can test mirrors with radius of curvature ranging 
from 10 to 25 m. It was used to test SBMD, NMSD, AMSD and some of the 0.5 m technology 
mirrors. The small chamber has a 1 m diameter by 2 m gaseous helium shroud. It can test mirrors up 
to 0.8 m with radius of curvatures ranging from 2.5 to 3.5 m. Diameters larger than 0.8 meter start to 
encounter thermal boundary issues. Both chambers have optical windows that allow all metrology 
instrumentation to remain in ambient conditions. Available test equipment includes two instantaneous 
phase-measuring interferometers (4D PhaseCAM and ADE IPI), an AOA Shack-Hartmann 
Wavescope and a Leica Absolute Distance Meter. The instantaneous interferometers allow data 
acquisition in the presence of mechanical vibration. The large chamber can achieve temperatures of 
<20 K in 36 hours, the small chamber can do it in < 6 hours. To achieve sub-10 K temperatures, 
mirrors will be either conductively cooled via a thermal strap to a cold plate or actively cooled.  
 
 
 
 
 
 
 
 
 
 
 

Figure XV.B-6. MSFC large cryogenic test chamber (XRCF) & Small Cryogenic Test Chamber. 
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C. Cryocooling Technology 
 

Active Cooling Technology for Telescope and Structure 
Telescopes for the far infrared require cooling to temperatures near 4 K, to reduce the thermal 
emission from the telescope and achieve background-limited performance. Figure XV.C-1 shows the 
tradeoff in telescope size versus surface temperature, for a fixed signal-to-noise ratio for three 
wavelengths of interest for SAFIR. A warmer telescope requires a collecting area which increases 
rapidly with temperature; note that the vertical axis is telescope diameter. Clearly the only practical 
approach is to operate the telescope near the knee of the sensitivity curve. For SAFIR, a telescope at 4 
K yields true background-limited performance. 

 
 

 
 

Figure XV.C-1: Diameter factor for constant point-source S/N versus SAFIR telescope 
temperature, for wavelengths of interest to SAFIR. Calculation assumes telescope emissivity of 
0.05, and background-limited operation based on a simple model of the Lockman Hole [following 
E. L. Wright, IAU Symposium on Extragalactic IR Background, 2000]. It can be seen from this 
plot that small reductions in telescope temperature are worth large increases in telescope aperture 
in the background-limited submillimeter. 

 
Based on detailed studies of JWST, and assuming much more optimized structure and coatings, the 
lowest temperature attainable by passive radiative cooling is in the range 7—10 K, depending upon 
location and other conditions (see below). Thus, in order for SAFIR to achieve these lowest 
temperatures, the telescope will have to employ active cooling to further reduce the temperature. 
Cooling a 10 m, deployed telescope to 4 K is a realistic goal, but one that requires development of 
active coolers capable of adequate heat lift at 4 K with a lifetime of 5-10 years, acceptable coefficient 
of performance, and cold heads which can be physically remote from the high-power components of 
the cooler and deployable along with the telescope mirror and optical components. Cooling to 4 K 
will be required at many distinct locations; all telescope primary elements, plus secondary, tertiary etc 
components of the telescope, and an optical baffle around the instruments all must be held at 4 K. 
Additionally, the coolers will be required to provide heat lift at higher temperatures, typically around 
15 K and 40 K, to intercept conducted thermal loads and improve the radiative thermal environment.  
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Capability Requirement SOA Development 
Path 

Advanced High 
Capacity Cryocoolers 

150 mW @ 4K 
1 W @15K, 

5—10 years life 

6 K components,  

4 K lab demos 

ACTDP in 
development 

High thermal stability 
on large primary and all 

optical components 

0.1 K uniformity, 
stability under load 

changes 

new requirement little ongoing 

Distributed cooling of 
segmented primary and 

all telescope optics 

heat lift at 4 K 
from primary 

segments 

new requirement little ongoing 

Deployable multiple 
cold points 

10—20+ cold 
points for cooling 

all components 

JWST will have 
single deployed 

ACTDP cold head 

little ongoing 

 
Table XV.C-1: Requirements for Cryocoolers and Cooling Performance 

 
No space-qualified coolers exist to meet the requirements of SAFIR, in any of the particulars. Single-
stage Stirling and Pulse Tube coolers are currently operating in space at ~60 K, and multiple-stage 
machines at 10-35 K are expected to reach TRL 5 by 2007, but none provide cooling remote from the 
warm components. The Planck sorption cooler will launch in 2008 and provide 18 K remote cooling, 
but without deployment. Figure XV.C-2 shows the status of coolers existing and under development. 
Several laboratory coolers have demonstrated 4 K in isolated components under no-load conditions, 
but with operational efficiencies inferior to the 500 W/W requirement for SAFIR.  
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Figure XV.C-2. Status of cryocoolers existing or under development. Several laboratory coolers 
have demonstrated 4 K in components, under no-load conditions. (Plot from Dean Johnson, JPL.) 
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An important path to SAFIR’s needs is the Advanced Cryocooler Technology Development Program 
(ACTDP), funded by NASA’s Navigator program and administered through JPL, which is developing 
space-qualified coolers to provide simultaneous cooling at 6 K and 18 K, with remote cold heads, and 
minimal vibration and EMI. Deliveries at TRL 6 are anticipated for 2009-2010. The three 
technologies being pursued are shown in Figure XV.C-3.  
 
Further development of the ACTDP compressor systems is needed in order to lower the temperature 
from 6 K to 4 K while achieving adequate cooling power and efficiency. This could be done by 
incremental improvement over the ACTDP coolers or by adding an additional cooling stage. A 
continuous magnetic cooler (discussed below) could do this, while using the same technology 
development contemplated for the cooling of the SAFIR instruments. The ST-9 effort is a potential 
source for further development of mechanical coolers approaching the temperature and power 
requirements of SAFIR., but awards have not been announced as of this writing. As is seen in Figure 
XV.C-2, significant improvement in efficiency and cooling power will be necessary for practical 
application to SAFIR. 
 

 

 
 
Figure XV.C-3. Three approaches are being pursued in parallel toward development of a 6 K 
cooler under the ACTDP effort. (Image from Dean Johnson, JPL.) 
 

JWST has recently decided to utilize a remote cold-head mechanical cooler to cool its mid-infrared 
instrument (MIRI) to 7 Kelvin., with the cooler is expected to be one of the ACTDP-type designs. 
This effort is expected to provide significant experience to SAFIR in the integration of a remote-cold-
head cryocooler, since the single cold head will be deployed along with the telescope mast.  
 
However, the operation and deployment of a system to provide cooling to 4 K at multiple points of a 
segmented primary mirror, the additional optical components of the telescope, and the instrument 
package remains largely unaddressed. Requirements on such a system will include the need for 
thermal stability to 0.1 K or better under changing load conditions and across the entire 10 m 
diameter primary aperture. The requirement for multiple points of cooling, all at constant temperature 
and capable of significant load shifting while maintaining high efficiency, is a new and challenging 
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aspect to flight coolers. Examination of forced-flow cooling systems, light-weight deployable 
conductive or heat-pipe structures, and possibly more exotic multi-point cooling systems is needed to 
ensure that these enabling technologies are available for SAFIR. 
 
Radiative Cooling Technology for Sunshield 
The SAFIR telescope will require that the flux from the Sun (and Earth and Moon assuming SAFIR is 
at the L2 point) be reduced by more than six orders of magnitude, thus enabling cooling of the 
telescope to 4 K with reasonable power, and reducing the straylight seen by the instruments to close 
to background-limited levels. The flux reduction is expressed differently for various configurations, 
but a simply stated requirement is for a sunshield with coldest, telescope-facing, layer with small 
emissivity at a temperature of 15 K or less. In an open-planar geometry similar to JWST, this will 
result in a cooling power requirement of several tens of microwatts for the telescope, consistent with 
development plans for active cooling. 
 
Sunshield performance to this level is unprecedented, and will require development in the areas of 
thermal design, materials both sun-facing and cold-facing, performance prediction modeling, and 
ground validation of performance, with flight validation of model predictions likely an essential 
component. The JWST sunshield is expected to provide an average temperature of roughly 80 K over 
a smaller area, while shielding a primary mirror at ~40 K. The requirements for SAFIR will be 5 
times lower for the sunshield, to permit a telescope 10 times colder. JWST will thus provide valuable 
validation of the design predictions, but only to temperatures significantly higher than required for 
SAFIR. The shields of prior space telescopes, for example Spitzer and ISO, surrounded the primary 
mirror and were cooled by cryogens to <5 K; this geometry is not feasible for the 10 m diameter of 
SAFIR, and the limited life of cryogens is incompatible with the mission.  
 
Two areas of materials development will be particularly important in reaching the SAFIR requirement 
for performance during a 5-10 year mission. The sun-facing surface of the warmest layer should have 
the highest ratio of solar reflectance to thermal emissivity as is consistent with other mission 
requirements (such as electrical conductance). Currently the highest performance silver-teflon 
undergoes a nearly three-fold degradation in 5 years, with resultant temperature increase in 2-3 K at 
the coldest shield. Lower degradation and overall performance is usually obtained if electrical 
conductance is required. Overall, improvement is needed in the sun-facing layers to achieve longer 
life without degradation. The other layers of the sunshield view only cold space or other cold shields, 
but are sensitive to degradation from high energy plasma and micrometeors. While SAFIR will 
benefit greatly from the development of the JWST sunshield, the results must be tracked carefully to 
ensure that the full set of SAFIR requirements can be met by those developments. Since the JWST 
requirements are far less stringent, continued investment in long-life high-performance sunshield 
materials is highly prudent at this time. 
 
Validation of thermal performance will be very difficult for SAFIR, due both to the size (larger than 
JWST) and the temperature. Ground validation of JWST will be difficult; for SAFIR it will be many 
times more so due to the 10 times lower temperature of the primary, and high sensitivity of the 
instruments to miniscule thermal backgrounds. Because there is no facility large enough to test a 
SAFIR in its fully deployed configuration at operating temperatures, thermal verification will rely in 
an unprecedented way more than ever on thermal modeling; in this SAFIR will follow JWST closely. 
JWST employs two completely independent thermal modeling teams and software analytical 
packages. In addition to the advanced analytical techniques developed by JWST for large cryogenic 
systems, a thermal model validation plan, which relies on thermal vacuum testing of assemblies, sub-
assemblies, and high fidelity scale model mock-ups, is also serving as a pathfinder in developing a 
new paradigm for thermal verification of large cryogenic telescopes.  
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Thermal design for sunshield performance must be a component of the entire observatory, not just of 
the sunshield itself. Developments beyond those directly related to the sunshield are required, to 
enable the entire system to achieve performance; in particular developments in instrument design 
which allow the separation of warm, high-power electronics to the warm side of the spacecraft are of 
vital importance. The ISIM Electronics Compartment of JWST, which dissipates 200 W in close 
proximity to the telescope and instruments, is an example of a design that is incompatible with a 4 K 
far-IR observatory. While it is difficult to specify development activities outside of the scope of the 
sunshield itself, it is vitally important that the overall thermal performance be an integral part of the 
requirements for every subsystem.  
 
Active Cooling Technology for <<1K for the Instruments 
The SAFIR instrument complement requires thermal detectors operating at the background limit at 
wavelengths of up to 1mm. Such detectors will necessarily be cooled to very low temperatures: 0.05 
K or perhaps lower. Several candidates exist for the coolers to provide <1 K temperatures: 3He 
sorption coolers, dilution refrigerators (open- or closed-cycle), and adiabatic demagnetization 
refrigerators (ADRs; either single-shot or continuous). While each of these approaches has had flight 
development (IRTS flew a 3He cooler, XRS-1 was to have flown an ADR and XRS-2 will relaunch it, 
and Planck has a dilution refrigerator), the ADR features near-Carnot efficiency and complete 
nonreliance on gravity and so is a more advantageous choice for SAFIR at the present time. 
 
It should be pointed out that cooling the mirror to 4K requires an extension of the existing ACTDP 
cooler technology. GSFC is currently developing a high cooling power continuous ADR (CADR) for 
operation at 10 K. This magnetic cooler has very high efficiency (at least 50% of Carnot) in the 4-10 
K temperature range, and might provide a means of bridging the gap between the ACTDP and SAFIR 
requirements. 
 
In order to optimize observing time, the ADR for cooling the detectors must be continuous. Two 
approaches have been developed for this, using either a reciprocating pair of single-shot coolers or by 
using a gently cycling cascade of refrigeration stages. The details of this latter approach, including a 
functional prototype, are shown in Figure XV.C-4 below. Such a CADR is under development for the 
Constellation-X mission, which has similar thermal detectors to SAFIR. These coolers have 
significantly improved power handling (of order 10 µW), lower temperatures, and similar efficiency 
as compared to single-stage magnetic coolers. 
 
Because of the developments of ADRs for XRS, all the components have flight heritage. However, 
SAFIR will require an ADR with greater cooling power, lower operating temperature, and spanning a 
larger temperature difference. Component technologies will need advancements, but only incremental 
ones. These components include superconducting magnets with high field-to-current ratios, heat 
switches with excellent performance at very low temperatures, and paramagnetic salts. Certain 
systems aspects must also be considered; for instance, the impact of magnetic fields on the readout 
electronics of the detectors. As an example, a design exists for a toroidal ADR with better field 
containment in a compact configuration. A deliberate, focused program of technology development 
for SAFIR can produce the desired advances. Partnering with Constellation-X and far future missions 
such as SPIRIT and SPECS – all of which have similar detector cooling requirements – it may be 
suitable to establish a program like the ACTDP specifically for producing compact, efficient flight-
qualifiable coolers for temperatures of 0.05 K or below. 
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Figure XV.C-4: (Left, top) schematic of a CADR suitable for cooling detectors to 0.05 K from a 
cryocooler, using 5 stages including one to cool a radiation baffle. (Left, bottom) schematic of the 
cooling cycle of the three coldest stages of such an ADR with temperatures of a measured 
prototype during cycling. (Right) Prototype CADR under development at GSFC. This unit cools 
detectors to <50 mK and rejects heat at temperatures up to 5 K. Currently the development is at 
TRL 4. 

 
 
 

D. Structures Technology 

 

Overall capability 

Table XV.D-1 summarizes the areas where improvements to the current State-of-the-Art are needed 
for structural elemtns of the SAFIR mission, along with projected need dates. They includes highly 
conductive sunshade materials; high capacity cryocoolers; large, lightweight, cryogenic optics; 
thermal and dynamic disturbance reduction systems; precision deployable structures: and cryogenic 
mechanisms. SAFIR will also need a thermal vacuum test facility able to accommodate a 10-meter 
aperture telescope and verify its thermal performance at temperatures below 10K. Considerations for 
membrane mirrors, and the DART option, are provided in Appendix C.  

Although not required to meet the SAFIR mission objectives, a capability for on-orbit servicing and 
instrument change-out could significantly increase lifetime and scientific productivity of the SAFIR 
mission. The development of a servicing vehicle and standardized electrical and mechanical 
interfaces for replaceable equipment modules would facilitate on-orbit servicing. 

The following section describes the development of a positioning boom and associated mechanisms 
for our SAFIR design concept, and is included to provide additional information about its 
characteristics and design details. 
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Capability Requirement Date 
Required 

Investment 
Start 

Comments 

Highly Conductive 
Sunshade Materials 

TBD Thermal 
Conductivity 2015 2008 15K sunshade layer with low 

emissivity coating 
Advanced High Capacity 
Cryocoolers 

150 mW @ 4K 
1 W @15K 2015 2008 Active Cooling for Optics 

and Sunshade 
Large, Lightweight 
Cryogenic Optics 

3.3-m F-F, 
<25 kg/m2 2015 2008 Low manufacturing costs 

Includes backing structure 
Thermal and Dynamic 
Disturbance Reduction 

20-mK stability 
<10-mas jitter 2015 2008 Stable Point-Spread-Function 

for high resolution imaging 
Large Precision 
Deployable Structures  

1-mm precision 
50 µ repeatability 2015 2008  Sunshade, primary and 

secondary mirror deployment 
Cryogenic Mechanisms 
(latches, hinges, gimbals) 

25 µ repeatability 
50-µrad precision 

2015 2009 Capable of Operation at 10K 
or less 

Large Thermal Vacuum 
Test Facilities 

>20-m diameter 
> 30-m in height 2017 2010 Needed for end-to-end 

performance verification 

Table XV.D-1. SAFIR Capability Development Needs 
 
 
Positioning boom development 

Positioning boom deployment has been discussed above as a highly enabling concept for SAFIR 
operations. The following section describes the development of a positioning boom and associated 
mechanisms for our SAFIR design concept, and is included to provide additional information about 
its characteristics and design details. The positioning boom isolator development would consist of 
proof of concept test article design, fabrication and testing over operating temperatures ranging from 
cryogenic (near zero K) to 300 deg K, in vacuum. Development would need to be focused in these 
areas: 
 
Structural development of long and lightweight cantilever beam segments, capable of generating 
desired levels of structural damping.  
Composite boom design would incorporate hardware features required to facilitate the damping 
design concept, whether passive or active. Boom design would include interface end fittings required 
for conveniently assembling individual boom segments with additional components required to 
complete the boom assembly. While use with an active set of pointing actuators eliminates the need 
for ultra high thermal distortion stability within the boom structure, consideration needs to be given to 
the design and testing of the boom in order to demonstrate high resistance to structural hysteresis and 
slip (no significant micro-dynamics permitted). Strength testing with load/deflection data would need 
to be done using test equipment sensitive enough to detect hysteresis at the levels arrived at for the 
pointing requirement. Dynamic settling time and transmissibility measurements would be made using 
simulated zero G supports and appropriate mass and vibration levels. 
 
Positioning gimbal development of 90 to 180 degree rotary actuators, capable of very fine pointing 
resolution (and stability).  
Actuators must include rotary cable wraps with appropriate interfaces at input and output ends of 
actuator assembly. Actuators must demonstrate high torque margins over the operating environment 
ranges. Life cycle capability must be demonstrated in vacuum over operating temperature range. The 
actuators must demonstrate high torque margins (100% minimum) over worst case voltage supply 
(~30% below nominal) and gimbal assembly drag torque conditions (coldest cable wrap and gear 
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reduction set) at the end of the life cycle demonstration. A minimum angular pointing resolution, 
negotiated from a system design analysis, must be demonstrated using measurement test capability 
much lower than resolution requirement. Basic demonstration of articulation range capability would 
be done using simulated zero G supports. Part of the articulation range would be the initial 
deployment sequence. 
 
Positioning boom “harness” development, where “harness” is being used to describe anything non-
structural required to be routed in parallel with the positioning boom.  
A representative harness bundle would be assembled along the boom. Interfaces at harness ends of 
each boom segment would be demonstrated. The harness would need to be designed and fabricated 
having minimal impact on structural damping requirements of the boom assembly.  
 
Positioning boom to spacecraft interface axial flexures and harness interface loop development. 
Axial flexures anchoring the positioning boom to the spacecraft simulator would be required to 
demonstrate an adequate level of compliance required to maintain positioning boom isolation 
requirements. The harness loop across these flexures would need to be assembled to demonstrate that 
it does not significantly affect the function of the axial flexures. Strength testing of the flexures would 
be required, and load deflection data would need to be taken to verify the no slip, no micro-dynamics 
requirement.  
 
Consideration for thermal control and associated hardware required for the various operating 
temperatures chosen. 
A variety of applications would need to be considered. The boom could be required to operate in cold 
or warm, and not be a heat disturbance to payload attachments. The boom would need to have 
appropriate thermal optical properties to meet requirements generated by a system analysis. These 
properties would need to be identified and demonstrated as part of the boom assembly if they turn out 
to have a significant mechanical impact on boom articulation 
 
Consideration for a launch restraint system should be provided. 
Stowed load carrying capability of the completed boom assembly would need to be demonstrated. 
This could be done using simulated tie down restraints or commendable release mechanisms. Loads 
could be applied using static loads simulating quasistatic load levels of vibration testing. 
 
 
 

E. Technology Timeline 
 
Based on the sections above, we provide in Figure XV.D-1 a technology timeline for SAFIR 
in the context of other relevant agency missions. This timeline is consistent with, and 
correlated with results of the recent Advanced Telescope and Observatory Capability 
Roadmap (CRM4).  
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Figure XV.D-1: Technology development timeline for SAFIR. This shows the needed 
schedule for technology development in order to reach the nominal launch date for the 
mission. The green section corresponds to results from the Advanced Telescopes and 
Observatories Capability Roadmap team (CRM4). 
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Appendix A.  Team X Study 
 
 
As part of the SAFIR Vision Mission Study, our team engaged the JPL Advanced Projects Design 
Team for a “Team X” study of the mission concept. The Team X exercise is chartered to improve the 
quality of new mission concepts, create a reusable study process and develop a database of initial 
mission requirements that can be easily updated and electronically transferred for use in subsequent 
project phases using a pool of experienced engineers. In the Team X process, the mission/science 
objective is defined, as are the measurement objectives and instrument requirements. Within the 
concurrent engineering design sessions the Team reviews mission requirements, and does option 
trades studies. Our goal was to (1) complete the conceptual design, adding systems and subsystems 
where SAFIR is not pathbreaking but which are essential to the mission (2) verify that the core 
conceptual design is feasible, (3) review the technology roadmaps to ensure that all areas where 
technology development is required have been identified, (4) identify additional areas of technology 
development that might offer significant cost savings. Although this was not a primary goal of the 
Team X study, a mission cost estimate based on input from Team X Subsystem chairs in combination 
with parametric models was done. 
 
This Team X exercise follows an earlier (July 2002) concurrent design study by the GSFC Integrated 
Mission Design Center (IMDC). Our Team X effort was joined by key personnel who participated in 
that IMDC study, as a part of what we have considered a multi-center effort. This combined team 
took full advantage of the experience of the IMDC in studying a JWST-heritage preliminary SAFIR 
design (7/2002 study), but without the drawback of repetition, and brought in the new perspective of 
Team X. This pathbreaking interaction of the two teams exemplifies the multi-center spirit of the 
SAFIR effort, and offered real synergies between two premiere science and engineering centers. We 
believe that the consistency of the resulting studies has provided a high level of confidence in our 
design concept. 
 
Our Team X meetings took place at JPL on October 28-30, 2004, and were preceded by telecon pre-
sessions that established meeting goals and staffing needs. SAFIR Vision Mission study team 
members were physically present at the meetings, and a number participated via telecon. The 
completed Team X report is appended. 
 
A shorter and smaller “Team I” effort was undertaken by the JPL Advanced Projects Design Team 
focusing on focal plane instrumentation for SAFIR. This was done on March 22, 2005 at JPL. The 
results of this Team I effort have been integrated into our study report in Section VIII, and are not 
presented separately. 
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1 EXECUTIVE SUMMARY 

SAFIR is a large-aperture cryogenic telescope that will measure very faint signals in the far-
infrared and submillimeter wavelengths (20 microns – 1mm). The ten meter deployable telescope optics 
will be kept at 4K (the focal plane at 0.1 K), which presents a serious technology challenge in the areas of 
thermal transfer and control. The telescope is mounted behind a solar shield (on the cold side) and the 
majority of the spacecraft is mounted on the opposite (hot) side. The spacecraft will launch into a Lissajous 
L2 orbit on a Delta IV 4050H class launch vehicle, which provides the 7743 kg (wet mass, w/contingency) 
spacecraft a 16% launch vehicle margin. The mission would launch in or around 2020 with a minimum 
design life of 5 years and a 10 year design life goal (all consumables are sized for a ten year mission). 

1.1 MISSION SUMMARY 
The focus of this study was to update the design of the SAFIR telescope using current information 
regarding the James Webb Space Telescope and new cryocooler technology. 

The Team X study referenced, but did not review, a Goddard Space Flight Center (GSFC) study on SAFIR 
performed in 2002. 

TABLE 1. KEY MISSION PARAMETERS 

Parameter Value 

Launch Date 2020 

Technology Cutoff 2013 

Mission Design Life 5 year performance floor, 10 year goal 

Wet Mass 7747.3 kg (CBE w/cont.) 

Dry Mass 7131 kg (CBE w/cont.) 

Ground Network  DSN (12m array assumed) 

Payload Data Rate 812 kbit/s 

Total Data Storage 384 Gbit 

Solar Array Area 12.3 m2 

Science Orbit Lissajous L2 orbit 

Payload Mass 5222 kg (CBE w/cont.) – includes solar shield 
and cyrocooling system 

Launch Vehicle Delta 4050H 

Redundancy Fully redundant with typical waivers 

Total Ionizing Dose 25 krad behind 100 mils. AL (RDM 2) 

Project Cost $2.2 -$3.0 Billion (FY05) 

 

The study covered the design of the integrated spacecraft-instrument without examining the details of the 
individual instruments (e.g. the telescope). 

The cameras that are attached to the telescope focal plane and the cryogenic cooling of the focal plane were 
treated as an allocation. 

Designing the telescope with the associated instruments and thermal system represents a level of detail that 
exceeds the typical Team X study. 
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It is recommended that the design of the entire telescope subsystem be reviewed and updated by Team I, 
which specializes in detailed instrument design. 

 

1.2 MISSION TRADES 
While subsystem level trades were conducted in many areas, the baseline design was the only mission 
option studied. 

1.3 MISSION TECHNICAL DRIVERS 
 The main technical drivers of the design were the thermal requirements of the telescope and the 
overall size of the telescope. These issues compounded each other because the telescope requires a 4K 
operational temperature over the entire structure, which drove the size of the solar shield and the 
complexity of the thermal subsystem. Guidance and control of the telescope was also a technical driver but 
it would not have been an issue without the thermal requirements and the size. 

1.4 MISSION COST DRIVERS 
The primary cost drivers relate to the thermal control requirements and the size and complexity of 

the telescope and associated instruments. The telescope estimated cost of $770M (FY05) represents over 
30% of the total mission cost and almost 50% of the development costs (w/o reserves and launch vehicle). 
The thermal control system of $72M (FY05) represents over 25% of the spacecraft bus costs. 

1.5 MISSION HERITAGE 
The SAFIR mission draws heritage from a variety of current and future observatory telescopes. 

The current design is very similar to the James Webb Space Telescope and would inherit the design of the 
solar shield and the deployable optics. The Spitzer Space Telescope would provide some heritage as an 
infrared telescope and the Herschel and Planck observatories would provide heritage for the infrared 
detectors. The impact of heritage from any program is muted by the extreme thermal environment that 
SAFIR requires.  

1.6 MISSION TECHNOLOGY 
The SAFIR mission will require technological advances in several key areas in order to meet its 

science requirements. Low temperature, long-life cryocoolers will be required along with technology to 
transport heat at low temperatures over large distances. The telescope will rely heavily on the development 
of large aperture, deployable array telescopes, such as those for the James Webb Space Telescope. The 
instruments mounted on the telescope will also require technology development but Team X did not review 
this.  

1.7 MISSION RISK 
The mission risk depends primarily on technology, focused particularly on the thermal 

requirements. The life of the cryocoolers is a major risk item and will require extensive testing and 
qualification in addition to the redundancy that is built into the design. Operationally, the telescope must be 
kept shielded from the sun at all times, as even a brief exposure could damage the instruments and optics 
and thereby reduce the science return. 
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2 SCIENCE 
2.1 SCIENCE OBJECTIVES 

• Study the: 
1) Formation of the first galaxies (evolution of AGNs or active galactic nuclei) 
2) Dynamical and chemical evolution of the stars and galaxies through mid-IR and far-IR 

emission 
3) Birth of Stars and Planetary Systems 
4) Evolution of Planetary Systems and the Origin of Life 

• Questions to be addressed: 
1) When and how did the first stars form?  
2) When did galaxies begin forming, and what is the history of their formation 
3) Galaxy evolution and energy/element production in the universe? 
4) What is the nature of the interaction between black holes and the material in the galaxies 

that host them? 
5) How do solar systems form? 
6) Which pre-biotic molecules are present in planet-forming regions, and what are their 

abundances? 
2.2 SCIENCE REQUIREMENTS 

• SAFIR was recommended in the Decadal Report for technology and concept development that 
would lead to future infrared missions. 

• SAFIR was mentioned prominently in current Structure and Evolution of the Universe and Origins 
Theme Roadmaps. 

• SAFIR will resolve the far IR background and trace star formation to z > 5 
o Probe the earliest epochs of metal enrichment 
o Track the chemistry of life in the warm cosmos 
o Identify nascent solar systems from debris disk structure 

2.3 MEASUREMENT OBJECTIVES 
• Formation of the first galaxies (evolution of AGNs or active galactic nuclei) 

1) Detect H2 lines at 17 & 28.2 µm at redshifts up to Z ~20 (early cloud collapse) with line 
strength of 10-23 W/m2 

2) Determine energy spectrum of the dust emission at long wavelengths for L >1011 Lsun in 
order to discriminate between AGN and Starburst phenomena. 

3) Detect mid-IR fine structure lines to probe the ionization level and elemental abundances.  
Strengths are only ~10–21 W/m2 at Z = 5. 

4) Achieve sufficient spatial resolution to distinguish between galaxies and probe their 
morphologies in the early universe. The confusion limit at 60µm sets requirement of 
about 2" resolution. 

• Study (dynamical and chemical) evolution of the stars and galaxies through mid-IR and far-IR 
emission. 

1) Determine reddening corrections for highly redshifted objects. 
2) Measure star formation rate at high Z by total bolometric luminosity. 
3) Determine evolution of PAH emission at 1≤ z ≤ 5. 
4) Detect dust from L* galaxies out to Z=5. 
5) Confusion noise low enough to see dust emission at Z=5 for L* galaxies. 
6) Diagnose the chemical evolution of galaxies with light metal tracers such as the 158µm 

line of C+, the 122µm & 205µm lines of N+. 
• Birth of Stars and Planetary Systems 

1) Provide imaging of debris disks around young stars with resolution of 100AU at 100pc at 
40µm. 

2) Trace gas cooling of collapsing protostellar clouds using H2O (25-180µm), O (63µm and 
145µm) and CO J>6 (170-520µm). 

3) Observe infall/outflow from collapsing clouds 
• Evolution of Planetary Systems and the Origin of Life 

1) Detect KBOs; measure albedo and temperature 
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2) Study mineralogy of nearby debris disks 
2.4 SCIENCE TRACEABILITY 
A science traceability matrix was generated based on input available during the study. The matrix appears 
below, along with the NASA exploration Roadmap. 

TABLE 2. SOLAR SYSTEM EXPLORATION DIRECTIVES 

NASA Origins Roadmaps 2003
Research Area Investigations
1. How did the cosmic web 
of matter organize into the 
first stars and galaxies?

3. Formation and evolution of galaxies

4. Lifecycle of stars in the Milky Way and 
other galaxies

5. Habitats for life in the Milky Way and 
other galaxies

6. Molecular clouds as cradles for star 
and planet formation
7. Emergence of stellar systems
8. Evolution of protoplanetary dust and 
gas disk into planetary systems
9. Evidence of planets in disk around 
young stars

10. Census of planetary systems around 
stars of all ages

Mission Objectives :

Study the formation of structures, from the first 
stars and galaxies in the distant universe to 
planetary systems around nearby stars with 
unprecendented sensitivy at far-IR and 
submillimeter wavelengths. 

2. How do different galactic 
ecosystems (of stars and 
gas) form and which can 
lead to planets and living 
organisms?

3. How do gas and dust 
become stars and planets?

4.  Are there planetary 
systems around other stars 
and how do their 
architectures and evolution 
compare with our own solar 
system?
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TABLE 3. MISSION SCIENCE TRACEABILITY MATRIX 
Science 

Objectives Measurement Objectives Instrument Requirement Instrument Mission 
Requirements Spacecraft Requirements Data Products

1. Line strength requires 
telescope diameter of 
~10m and temperature 
~4K
2. Spectroscopy of 
R~1000 at 20-600µm
3. Broadband-tunable 
spectroscopy a necessity.

2. Determine energy 
spectrum of the dust 
emission at long 
wavelengths for L>10^11 
L_sun in order to 
discriminate between AGN 
and Starburst phenomena.

4. Strength is ~10µJy at 
100µm, so confusion limit 
should be below this; this 
requires ~3" resolution at 
100µm, hence a diameter 
~10m.

LRS

5. Line strength requires 
>3m to detect at 10s
6. Spectroscopy of 
R~3000 at 25-100µm

4. Achieve sufficient spatial 
resolution to distinguish 
between galaxies and probe 
their morphologies in the 
early universe. The 
confusion limit at 60µm sets 
requirement of about 2" 
resolution.

7. Diameter >10m; 
diffraction limited at 
l>60µm

CAM

1. Determine reddening 
corrections for highly 
redshifted objects

1. Broadband 
spectroscopy for 20-
100µm

LRS

2. Measure star formation 
rate at high z by total 
bolometric luminosity.

2. Wide field imaging at 
(60-600)µm

CAM

3. Determine evolution of 
PAH emission at 1<=z<=5

3. Requires a low-
resolution (R~50) 
spectrometer covering 20-
100µm.

LRS

4. Field of view >1' on a 
side.

LRS

5. Sensitivity requirement 
can be met with ~10m 
diameter
6. require ~10m diameter,  
wavelength insensitive

LRS

7. To maximize the 
sensitivity in 
spectroscopy, telescope 
must be ~4K.
1. Requires R~3000 
spectroscopy for 
100<L<800µm.
2. Field of view >1'

1. Resolution implies 
diameter ~10m, diffraction-
limited at 40µm.

2. Mid-IR imaging camera 
with 1" resolution, 1 FOV

2.     Trace gas cooling of 
collapsing protostellar clouds 
using H2O (25-180µm), O 
(63µm and 145µm) and CO 
J>6 (170-520µm).

3. High resolution 
(R>10,000 or 30km/s) 
spectroscopy covering 20-
600µm.

3. Observe infall/outflow from 
collapsing clouds

4. Resolution at 
R~100,000 (3km/s).

1. Detect KBOs; measure 
albedo and temperature

1. Broadband, wide-field 
imaging at 60-200µm. 
Wide field ought to be >1 
at diffraction-limited 
resolution.

CAM

2. Study mineralogy of 
nearby debris disks

2. 20-35µm spectroscopy 
at ~1" resolution; R~200

LRS

HRS

HET

CAM

HRS

1. Provide imaging of debris 
disks around young stars 
with resolution of 100AU at 
100pc at 40µm.

6. Diagnose the chemical 
evolution of galaxies with 
light metal tracers such as 
the 158µm line of C+, the 
122µm & 205µm lines of N+.

1. Detect H2 lines at 17 & 
28.2 µm at redshifts up to 
z~20 (early cloud collapse) 
with line strength of 10^-23 
W/m2

3. Detect mid-IR  fine 
structure lines to probe the 
ionization level and 
elemental abundances.  

spectrums and 
multi-band 
images  of 
selected 
targets;

Orbit:Located in 
thermally stable orbit 
such as L2;  
Duration: 5 year 
minimum lifetime, 10 
year design lifetime; 
Observation mode: 
include both pointed 
observations and 
slow slew scans   

Pointing: Absolute pointing control of 
telescope to within 0.3'' (3σ) over a period of 
10K seconds. Pointing knowledge of 
telescope to within 0.1'' (1σ); Coarse pointing 
of spacecraft : 4 arcmin (3σ) for both control 
and knowledge;  Slew rate~ 90deg in 1 hour;    
No delta-V disturbance on telescope (no 
deSat) during 11 days. Telescope:   ~10m 
aperture diameter; diffraction limited at greater 
than 40 microns;  Temperature of telescope 
<=4K  in order to yield optimum sensitivity for 
spectroscopy). Sufficient low stray light to 
avoid increasin the overall backgroud above 
dar sky levels; Field of regard of order 
steradian.

Birth of Stars 
and Planetary 
Systems

Evolution of 
Planetary 
Systems and the 
Origin of Life

HRS

Study  evolution 
of the stars and 
galaxies through 
mid-IR and far-IR 
emission

Formation of the 
first galaxies

4. Detect dust from L* 
galaxies out to z=5.

5. Confusion noise low 
enough to see dust emission 
at Z=5 for L* galaxies

 

2.5 DATA VOLUMES 
The maximum daily volume will be 70 Gbytes per day. 

2.6 SCIENCE TRADES 
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2.6.1 WAFIRS VS. FTS SPECTROMETER ARCHITECTURES   
The most efficient, compact spectrometer architectures need to be determined. 

2.6.2 GE VS. SI BIB PHOTOCONDUCTORS 
These photoconductors are large (103-104) arrays with ~10-20 W-Hz-1/2  semi- and superconducting 
(TES) bolos. They are Ge, Si BiB photoconductors. 

2.6.3 QUANTUM NOISE-LIMITED HETERODYNE SPECTROMETERS 
Such a system requires low pump power mixers and low noise cryo-IF amplifiers. These details need to be 
evaluated and traded to ensure they are quantum noise-limited. 

2.6.4 LOW POWER DISSIPATION AND THERMALLY ISOLATED FOCAL PLANE ARRAYS AND INSTRUMENTS 
There must not be any thermal gradients that can affect the thermal operation of the telescope. Therefore, it 
is necessary to optimize cryogenic multiplexers (e.g. NIST time-division, SCUBA-2) and cryogenic 
amplifiers to achieve the above. 

2.6.5 CRYOGENIC, DEPLOYABLE LARGE APERTURES 
The actuators, latches, hinges and shades for a cryogenic, deployable aperture must be studied in more 
detail. These components must be tested for operability in a low-temperature system and validated for a 
zero-g environment. The deployable aperture should be designed with a low area density (kg/m2) using low 
cost ($/m2) mirror substrates that are stiff and easily finished surfaces.  

2.6.6 OPTIMIZED BACKGROUND REDUCTION STRATEGIES  
Appropriate shielding architectures will need to be designed to accommodate scattered light management. 
The shields should be low emissivity designs. The off-axis properties and optimal coatings for such designs 
remain to be determined. 

In addition, the insulation for a large aperture must accommodate the required field of view. 

(lissajous L2?, drift-away?, out of ecliptic?, trans-Jupiter?) The characteristics of the operational orbit 
should be further refined and optimized.  

2.6.7 CRYOCOOLERS 
Alternative shield cooling technologies should be investigated (e.g. gas flow, capillary technologies) 

If the cooling for the ACTDP extension (100mW @ 4K) cannot be kept stable, the necessary science 
measurements cannot be obtained.  

2.7 PLANETARY PROTECTION 
There are no planetary protection requirements for this mission concept 

2.8 TECHNOLOGY 
 
• Lower frequency telescope to spacecraft/sunshield adapting, thermal decoupling and momentum 

balancing over very wide fields of regard 
• Ultra stable deployment and latching stability for deployment precision and stability 
• Telescoping boom deployment/latching 
• Robust sunshield design for expanded observatory needs 
• Autonomous docking and robotic assembly techniques for continuous growth. 

TABLE 4. SCIENCE TECHNOLOGY OVERVIEW 

Subsystem Technology 
Type 

Metrics (Performance 
measurement) 

TRL Criticality  
(Mission 
Critical, 
Enabling, 
Enhancing) 

Comments 

Science Sunshade Maintain constant 
temperature on telescope, 
provide shielding from 

3 Enabling On the Carrier 
spacecraft. The 
primary benefit is 
that the 
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stray light technology is 
enabling. The 
disadvantage is 
size. The heritage 
is from Spitzer. 

 10m aperture Throughput Diffraction 
Limit 

4  On the telescope. 
The main 
disadvantage is 
volume and mass. 
Telescope optics. 
The heritage is ST. 

 Mirror Surface 
Control 

Focus 4  On the telescope. 
The main 
disadvantage is 
that active control 
is required. The 
heritage is NGST. 

 Mirror 
Material 

Mass reduction 3  On the telescope. 
The main 
disadvantage is 
that X 
Performance 
Provider. The 
heritage is NGST. 

 Optical design Fine Pointing correction 4  On the telescope. 
The main 
disadvantage is 
that off-axis, 
active control is 
needed. The 
heritage is NGST. 

 Detectors – 
Large format 
IR 

Increased measurement 
fidelity (resolution, data 
quality) 

2 Enabling On the telescope. 
The main 
disadvantage is 
that this is a new 
technology with 
high risk and high 
sensitivity 
requirements. 

 Telescope 
Deployment 
and Latching 
Stability 

Extremely high 
mechanical 
rigidity/stability 
(absolutely no movement)  

4 Enhancing Current systems 
can provide 
latching 
mechanisms at 
reduced stability 

 Autonomous 
Docking & 
Robotic 
Assembly 

Reduced cost, risk with 
regard to manned 
assembly 

4 Enhancing  

2.9 RISK 
Instruments: complex camera and three IR spectrometers 
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Concerns: 

• Thermal (new unproven approach and technology)  
o Maintaining stable temperature during measurements may be an issue for the following 

reasons. 
 Large thermal load 
 Requires lots of power to maintain 

o Maintaining 0.1K for all instrument focal planes 
o Coordinating with thermal shields 
o Mechanical cooler technology 
o Continuous Adiabatic Demagnetization Refrigerator (ADR)  
o Turbo-Brayton coolers 

• Mounting, structures, and interdependencies 
o Interface between the payload and spacecraft 
o Complex movements and deployments, requires unique mechanical attachment 

techniques  
o Structure too large to test prior to launch 

• Dependence on NGST success and reliance on NGST analysis 
• Coordination/complexity of measurements 

o Spacecraft jitter control 
o Measurement durations 
o Interdependence between measurements 

• Sun shield  
o Deployment and deployed support structure 
o Stability of deployed structure (unsupported thin film exposed 5-10 years) 
o Thermal properties after deployment 
o Desirability for low absorptance coating on a durable material has necessitated coating 

material development program 
o Sunshade sun side layer has specific coating/material issues 

 Teflon film not recommended for long duration space missions due to 
degradation of MLI outer layers on HST 

• Pointing constraints 
o Constraints are very challenging (few arc seconds) 
o Scan rates need to be very slow to minimize the settling time. First the spacecraft should 

be pointed and then instrument fine pointing would follow. 
o Long duration measurements at arc second constraints will be very difficult for the 

spacecraft to maintain. In other words, the spacecraft cannot tolerate significant jitter. 
• Detector technology not yet flown - Low TRLs 

 

2.10 COST 
Not required for this study 
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3 INSTRUMENTS 
The instruments were treated as a black box and therefore no detailed information was provided. 



FINAL      13 
 

 

4 MISSION DESIGN 
4.1 DESIGN REQUIREMENTS 

• Trajectory: The spacecraft must carry its telescope payload to a Lissajous orbit about the Sun-
Earth L2 point. 

• Launch Date: 2020 
• The spacecraft telescope optics must not receive any incident or reflected radiation from the Sun, 

Earth or Moon. 
• The spacecraft must remain pointed in the anti-sun direction for operation of the cryogenic 

telescope. 
• Delta V: The spacecraft must minimize total ∆V. 
• Mission Duration: the spacecraft/instrument design life is 5 years; the propellant is sized for 10 

year operation. 
• Planetary Protection: There are no planetary protection requirements. 

4.2 DESIGN ASSUMPTIONS 
• Trajectory: The trajectory characteristics are similar to that use on the James Webb Space 

Telescope (JWST). 
• The assumed spacecraft mass ranges from 5000-8000 kg. 

4.3 DESIGN 
The spacecraft is launched in June 2020 on a direct trajectory to the L2 point. The L2 point is 

located 1,500,000 km from the Earth in the anti-Sun direction (~4 Moon orbit radii).   The hyperbolic 
excess energy (C3) needed to reach L2 is –0.7 km2/s2. A massive spacecraft (6000 – 9400 kg) will require a 
Delta 4050H-19 (“Delta IV Heavy”) launch vehicle. If the total spacecraft mass can be constrained to less 
than 6000 kg, then an Atlas V-541 will suffice. 

The trip-time for the baseline trajectory from launch until L2 orbit insertion is 2 months.  
Traveling to L2 is not constrained by geometry and nearly equivalent launch opportunities occur every 
month. 

This mission is described as Class A/B for costing purposes.  Staffing during the development part 
of this mission (phases A-D) is estimated to be as follows:  A – 2.5 FTEs, B – 4 FTEs, C/D – 4.5 FTEs. 

4.3.1 MISSION TRAJECTORY 
TABLE 5. MISSION TRAJECTORY PARAMETERS 

Parameter Unit Value 

Target or Destination  - Sun-Earth L2 

Mission type - L2 orbiter 

Cruise Approach Duration months 2 (63 days) 

Cruise Return Duration months NA 

Total mission duration months 60 baseline (5 years); 120 (10 
years) goal 

Maximum spacecraft/sun distance AU 1.01 AU 

Maximum earth/spacecraft range AU 0.01 (1,537,500 km) 

Delivery Trajectory type  Direct trajectory 

Fly-by/Gravity Assist Body  N/A 

Propulsion Type  chemical 
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FIGURE 1. SAFIR TRAJECTORY: ECLIPTIC POLE VIEW (ECLIPTIC X-Y PLANE). TICS ARE EVERY 12 

HOURS.  

L2 ORBIT DIAMTER = 1,500,000 KM (LONG AXIS) 
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4.3.2 LAUNCH 
TABLE 6. LAUNCH PARAMETERS 

Parameter Unit Value 

Launch date/window Mm/dd/yy June 2020 

Arrival date/window Mm/dd/yy August 2020 

Departure date/window Mm/dd/yy N/A 

Launch energy C3 Km2/s2 -0.7 

L2 arrival velocity (wrt Earth) Km/s 0.25 

Launch vehicle - Delta 4050H-19 

Launch vehicle capability kg 9400 

Spacecraft launch mass Kg 7650 

Launch margin % 17 

4.3.3 MISSION ORBIT 
The baseline Lissajous orbit around L2 has semi-major axis equal to 750,000 km and a semi-minor axis 
equal to 350,000 km. A view of the orbit looking along the Zaxis is shown in Figure 1. The period of this 
orbit is 6 months.  

Views of this orbit looking along other coordinate axes are provided in the following graphics. 
Other orbits were considered during this study; they are discussed in the Trades section. Note that the orbit 
is oriented 45 degrees to the ecliptic plane. This is a feature of Lissajous orbits at L2. 

Two key requirements affect the spacecraft’s orbit during operations at L2: 1) the spacecraft’s 
cryogenic telescope must always remain pointed away from the sun; 2) the telescope must not be exposed 
to any reflected light from the Earth or moon. Given these constraints, it becomes necessary to understand 
the variation in the Moon-spacecraft-Earth and Sun-spacecraft-Earth angles during the L2 orbit.  

Relevant angle measures for the baseline orbit are shown in Figure 2. This figure depicts the Sun, 
Earth and Moon angles with respect to SAFIR; note that 702 in the figure denotes the SAFIR spacecraft.  
Angles for the other traded orbits are shown in the Trades section.  

 

TABLE 7. MISSION ORBIT PARAMETERS 

Parameter Unit Value 

Semi-major axis, a km N/A 

Semi-minor axis, b km N/A 

X-amplitude km 750,000 

Y-amplitude km 350,000 

Eccentricity - N/A 

Orbit Periapsis km N/A 

Orbit Apoapsis km N/A 

“Inclination” deg 45 (with respect to the ecliptic) 

Orbit period hr 4320 (6 months) 

Orbit type - Lissajous L2 orbit 

Approach Flight Path Angle  - N/A 
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FIGURE 2. LISSAJOUS ANGLES FOR BASELINE ORBIT, X-AMPLITUDE (DIAMETER) = 750,000 KM 
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FIGURE 3. SAFIR ORBIT EDGE-ON VIEW (ECLIPTIC Y-Z PLANE).  MOON’S ORBIT ALSO SHOWN. 
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FIGURE 4. SAFIR ORBIT FACE-ON VIEW (ECLIPTIC X-Z PLANE, ALONG EARTH-SUN LINE) 

4.3.4 ENTRY, DESCENT AND LANDING 
Not applicable. 

4.3.5 MISSION DISPOSAL 
For the short-term future the spacecraft will remain near the L2 point, but the orbit is unstable 

without maintenance and the longevity of the orbit is still to be determined. The spacecraft will eventually 
enter a classical heliospheric orbit. It is not anticipated that this will have any impact on other spacecraft 
not in orbit around L2. 

4.3.6 SPACE ENVIRONMENT 
The space environment at the Sun-Earth L2 is less hostile compared to a geosynchronous Earth orbit and 
does not undergo significant variation during Earth’s orbit about the sun. 

• Total radiation dosage: At L2, the spacecraft will experience a total radiation dosage of 25 krad, 
which will be shielded behind 100 mils of aluminum (with a radiation dose margin of 2). 

• Reflected Light: Since the telescope must not be exposed to any reflected light from the Earth or 
moon, it is necessary to understand the variation in the Moon-spacecraft-Earth and Sun-spacecraft-
Earth angles during the L2 orbit. 

• Temperature extremes: As the spacecraft is in a 750,000km X 350,000 km Lissajous orbit at L2 
(1.5 million km from Earth), the distance from the Sun (and Earth) will vary. However, during this 
halo orbit, the solar energy flux will be fairly constant and approximately the same as at Earth. 
There is a slight variation in thermal environment of +-3% due to the ellipticity of the Earth’s 
orbit. 

• Micrometeoroids: According to standard prediction models, micrometeoroid impact flux at L2 is 
approximately 162 impacts/m2/yr for particles 0.4mm in diameter. 

• Plasmas: At L2, the primary source of plasma is the solar wind, essentially a neutral (or cold) 
plasma consisting of 95% hydrogen ions, 5% helium ions, and electrons. The expected particle 
density is 1-10 particles per cm3. As the kinetic energy of these particles is relatively small, the 
risk to charging spacecraft surfaces is low. 
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• Solar radiation pressure: At 1AU, the solar radiation pressure is 9x10-6 N/m2 and will be 
approximately the same at L2 (1.01 AU). As the Sun Shade on the spacecraft is 13m x 28m, the 
solar radiation torque will be minor. 

• Gravitational effects: Some small second order perturbation will be caused by the Earth and moon. 
4.3.7 MISSION EVENTS 

After launch in June 2020, the booster stage on the spacecraft injects it into a direct trajectory to the L2 
point. The booster is jettisoned shortly after burn out. Injection errors can be corrected shortly after launch 
with the first trajectory correction maneuver (TCM1). A second TCM is scheduled about 1 week later. The 
spacecraft cruises for 63 days until it reaches the L2 insertion point, which is ~1,500,000 km from Earth. At 
this juncture, the spacecraft performs an insertion burn to place it into orbit about the L2 point (L2OI). 
Orbit maintenance will be required after L2OI. 

TABLE 8. MISSION EVENTS 

Event Date (mm/dd/yy) or (Event +- X 
days) 

Duration 

Launch/Cruise 
Trajectory Injection 

June 2020 < 10 min 

TCM1 Launch + (12hr – 2 d), 1 day 
nominal 

 

TCM2 Launch + 7 days  

TCM3 

(L2 orbit insertion) 

Launch + 63 days  

End of Nominal 
Science Mission 

Launch + 5 years NA 

End of Extended 
Mission Goal 

Launch + 10 years NA 

 

4.3.8 ∆V REQUIREMENTS 
During cruise there will be 2 or 3 trajectory correction maneuvers.  These are listed in Table 5.  

TCM1 is a critical maneuver and must occur in order to reach L2 (i.e. if the injection is less than perfect). 
TCM2 is held as a contingency in case TCM1 is in some way deficient. TCM3 is the L2 orbit insertion 
burn, requiring a ∆V burn of 14 cm/s. In total, 175 m/s is budgeted for all necessary maneuvers. 

Note that TCM2 is not intended to compensate for an outright aborted TCM1.  In that case a 
replacement maneuver must be performed within ~3 days from the nominal TCM1 time. The longer the 
maneuver is delayed, the more expensive it becomes. After ~4 days the ∆V reaches several hundreds of 
meters per second.  So a risk to mission success is associated with missing TCM1, although contingency 
preparation can mitigate the risk. 

For comparison, the Genesis spacecraft was launched on a Delta II. In this case, the pre-launch 
estimated magnitude for TCM1 was 31+/-20 m/s but the magnitude actually needed to correct the injection 
errors was only 5 m/s. 

TABLE 9. MANEUVER DELTA V BUDGET 

Manuever Date Mean 
(m/s) 

1σ 3σ Budgeted 
∆V 

TCM1 (10% 
increase over 

Genesis values) 

Launch + 1 day 34 22 66 100 

TCM2  Launch + 7 days - 5 15 15 
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TCM3 Launch + 63 days 0.14 0.1 0.3 10 

Orbit maintenance L2 orbit insertion to 10 
years 

- - - 50 

Total - 34.1 27.1 81.3 175 

 

As noted previously, other orbit trades were conducted. A table summarizing the ∆V budget for the 
alternate orbit cases is shown below. 

TABLE 10.  ∆V TRADES FOR SEVERAL L2 ORBITS 

Case X-amplitude ����� ∆V 

Units km m/s 

Baseline 750,000 175 

Larger Orbit 1,000,000 175 

Smaller Orbit 300,000 ~300 

 

4.4 TRADES 
4.4.1 SMALL L2 ORBIT SIZE VS. LARGE L2 ORBIT SIZE 

During the study, several trajectories to the Sun-Earth L2 point were considered. In addition to the 
baseline orbit, two other orbit scenarios were investigated: 

• A larger Lissajous orbit with X-amplitude = 1,000,000 km. 
• A smaller Lissajous orbit with X-amplitude = 300,000 km. 

 

The larger Lissajous orbit will have a ∆V budget equivalent to the baseline case (175 m/s).  The 
smaller Lissajous orbit will need substantially more ∆V for insertion. In general, small orbits are expensive 
for L2 orbit insertion (300,000 km is a small orbit for L2).  Thus the ∆V budget may increase by 100 – 150 
m/s for the small L2 orbit (estimated). 

Figure 2 depicts the angles for the baseline orbit with X-amplitude = 750,000 km.  Figure 5 
represents angles for a larger Lissajous orbit around L2 (X = 1,000,000 km) and Figure 6 represents angles 
for a smaller Lissajous orbit (X = 300,000 km). The pointing of the spacecraft with respect to the Sun, 
moon or earth must remain less than the angles shown in the plot below. 

 

 



FINAL      21 
 

 

 
FIGURE 5. LISSAJOUS ANGLES FOR X-AMPLITUDE = 1,000,000 KM 
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FIGURE 6. LISSAJOUS ANGLES FOR X-AMPLITUDE = 300,000 KM 

4.5 TECHNOLOGY 
TABLE 11. MISSION DESIGN TECHNOLOGY OVERVIEW 

Subsystem Technology 
Type 

Metrics 
(Performance 
measurement) 

TRL Criticality  
(Mission 
Critical, 
Enabling, 
Enhancing) 

Comments 

Mission Design NA NA NA NA NA 

 

4.6 PLANETARY PROTECTION 
Not applicable. 

4.7 RISK 
• A risk to mission success is associated with missing TCM1. 
• A risk to mission success is failure of the L2 orbit insertion burn (TCM3). 
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5 SYSTEMS 
5.1 DESIGN REQUIREMENTS 

• Mission Lifetime: The nominal design life of the spacecraft and instrument is 5 years with a goal 
of 10 years. Consumables are sized for 10 years. 

• Redundancy: The spacecraft is fully redundant (with usual waivers, i.e. main engine, etc). 
• Heritage: SAFIR draws a great deal of potential heritage and design similarity to the current 

design of the James Webb Space Telescope (JWST). Other (lesser) sources of heritage include the 
Spitzer Space Telescope, Herschel, and Planck. 

• Mission Class: This is a class “A” mission according to JPL mission classifications (D-1489). 
• Technology: SAFIR requires technology development in the areas of low temperature, long life 

cryocoolers, thermal transport, low temperature mechanisms and materials, and large aperture 
optics. 

• Radiation dosage: The mission total radiation dose for the mission life requirement is 25 krad 
behind 100 mils of aluminum with an RDM of 2. 

• Pointing: 
o The telescope requires one arcsec (3σ) pointing knowledge with 0.001 arcsec/sec 

pointing stability. 
o The telescope must remain pointed in the anti-sun direction. 
o The telescope optics must not receive any incident radiation from the Earth or the Moon. 

• Thermal: SAFIR requires that the focal plane of the telescope stay at or below 0.1K, the telescope 
optics must stay at or below 4K, and all other equipment on the cold side of the sun shield must 
stay below 15K. 

• Previous studies: The customer provided a previous study performed at Goddard Space Flight 
Center’s Integrated Mission Design Center (IMDC) in July of 2002. This study was used only as 
reference by the design team. 

5.2 DESIGN ASSUMPTIONS 
• Telescope contains fine steering mirror and internal star camera functionality to meet the pointing 

and stability requirements.  
o It is assumed that the spacecraft needs to provide point control of 30 arcsec (3σ), pointing 

knowledge of 15 arcsec (3σ), and point stability of 0.1 arcsec/sec. 
o The Team X design assumes that this hardware is part of the instrument and did not 

include it in the spacecraft. 
• The focal plane cooling apparatus was defined as part of the payload and assumed that the very 

low focal plane cooling (0.1K) was integrated into the payload package. 
• The mass of the telescope structure was assumed to be based on the JWST design and scaled 

accordingly. 
o The customer requested Team X to use an allocation of 3120 kg for the primary telescope 

structure.  This was loosely based on the specific mass of the JWST telescope of 40 
kg/m2 but is not an exact scaling. 

o This translates into a mass estimate of 2400 kg (CBE) which translates to the 3120 kg 
allocation once 30% mass contingency is added. 

•  20 kg was allocated for RCS propellant to unload the reaction wheels. 
• The cryo cooler system was not assumed to operate during safe mode. 
• Launch Date: Assumed to be June 2020 
• Team X did not assume any inherited parts or software for this mission. 
• Technology cutoff: Required technology developments are assumed to be completed by 2013 

(Phase B). 
5.3 DESIGN 

SAFIR is a large-aperture cryogenic telescope that will measure very faint signals in the far-infrared 
and submillimeter wavelengths (20 microns – 1mm). The current design focuses on the spacecraft’s 
instrument payload: a cryogenic telescope with a 10-meter single primary deployable mirror mounted 
behind a large V-groove radiating solar shield. The main spacecraft bus is mounted on the side of the shield 
opposite the telescope. The bus contains four large cryocoolers to cool the telescope optics and the cold 
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side of the shield. The telescope houses four types of detectors with their associated electronics: an infrared 
(wide spectral band) camera; a low resolution spectrometer (LRS); high resolution spectrometer (HRS); 
and a heterodyne spectrometer (HET). 

Attitude control presents a challenge because of the large size of the telescope compared with the 
pointing knowledge and stability control requirements. The spacecraft provides attitude control using a 
combination of reaction wheels, star cameras and an inertial measurement unit (IMU). The spacecraft 
attitude and control systems provide course pointing and stability to the telescope which uses an integral 
fine guidance sensor and steering mirror to achieve the knowledge and stability requirements.   

The spacecraft main body is mounted on the warm side of the solar shield where it houses all the 
typical spacecraft functionality. Two 6.25 m2 solar arrays provide the necessary 3358 W (EOL) to run the 
cryocoolers while a RAD750 microprocessor provides the necessary computing power for both the 
telescope and the spacecraft. The propulsion subsystem is a simple blowdown hydrazine monoprollent 
system and includes four main (5N) and twelve reaction control system (0.9N) engines.  

 The spacecraft will launch into a Lissajous L2 orbit on a Delta IV 4050H class launch vehicle, 
which provides the 7648 kg (wet mass, w/contingency) spacecraft a 17% launch vehicle margin.  Once in 
its operational orbit, the spacecraft will properly orient itself, shielding the telescope from the sun, and 
begin cooling the optics to the required cryogenic temperatures. Once thermal stability at these 
temperatures is achieved, the four science instruments will begin near continuous operation (two 
instruments at a time). It should be noted that the spacecraft power system is sized to support operation of 
all instruments at the same time (3327.8 W). However, this scenario would rarely occur due to interference 
between instruments. This near continuous data stream (812 kbps) would be stored on a solid state recorder 
(384 Gb) and downlinked via a 0.5m Ka-band antenna to the planned 12m phased array DSN antennas at 7 
Mbps.
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5.3.1 BLOCK DIAGRAM 
NOTE: This diagram is not available for public release. 

Figure 7. Spacecraft System Block Diagram 
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5.3.2 SUMMARY SHEETS 
 The system sheets are shown on the following pages. These sheets include study guidelines and 
assumptions, the system worksheets and the equipment lists. Note that contingency is book kept in two 
separate ways on the system sheet. Subsystem contingency is added at the component level. This can be 
seen in the subsystem column of the systems worksheet, expressed as percentages. The total subsystem 
mass (including contingency) can be seen in the column Labeled “CBE + cont”. On the system worksheet, 
the total system level contingency appears on the line labeled “bus total”. This is the amount of mass 
required to reach a total mass Contingency of 30%. The total spacecraft dry mass is shown on the line 
below that. The Margins on the bottom of the sheet are against the CBE + contingency + propellant mass. 
The Launch vehicle margin % is against the launch vehicle mass allocation. The spacecraft Margin % is 
against the current CBE + contingency. Note that there is no contingency taken against the launch vehicle. 
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TABLE 12. SAFIR SPACECRAFT STUDY GUIDELINES 

NOTE: This table is not available for public release. 
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TABLE 13. SAFIR SPACECRAFT SYSTEMS WORKSHEET 

NOTE: This table is not available for public release. 
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TABLE 14.  SAFIR SPACECRAFT EQUIPMENT LIST 

NOTE: This table is not available for public release. 

 

 

5.4 TRADES 
5.4.1 TELESCOPE INTEGRAL ATTITUDE AND CONTROL VS. SPACECRAFT PROVIDED ATTITUDE AND 

CONTROL 
Team X explored two different options with regards to providing the telescope the pointing 

knowledge, control, and stability it requires. The team decided that the telescope was better suited to 
providing fine guidance and control. This was due to the problems perceived with maintaining fine 
guidance across a large spacecraft while not generating heat on the cold side of the sun shield. In order to 
meet the requirements the telescope would have needed a star tracker and possibly an IMU mounted on or 
near the junction of the telescope and the boom. This would have magnified the already challenging 
thermal control problems and as a result Team X chose the approach that integrated the fine guidance 
sensing and control into the telescope. 

5.4.2 EXPLORATION OF THE IMPACT OF HIGHER DATA RATE AND SPACECRAFT DRIFT  
At the request of the customer Team X explored two design trades involving increasing the 

assumed data rate (and data volume) from the instruments and allowing the spacecraft to drift into an earth 
trailing orbit. These trades were never considered for the baseline mission and were performed only to 
provide the customer with an idea of the impact of the design change.  Increasing the instrument data rate 
and the allowing the spacecraft to drift impacts have same the basic impact on the spacecraft 
telecommunication and C&DH subsystems. Since both of these subsystems can easily accommodate 
growth this will have minimal impact to the spacecraft system overall. The impact will be similar for both 
trades as they both relate to returning data to Earth (either more data or over a longer distance). The 
telecommunication system can easily grow the size of the HGA (currently 0.5m) or the output RF power or 
the number of DSN array elements can be increased. The C&DH subsystem can grow the size of the solid 
state recorder and the data rate from the instrument will not stress the subsystem unless it increases by 
orders of magnitude. 

5.5 TECHNOLOGY 
The main technology challenges of this mission related directly to the thermal requirements. The 

development and qualification of long-life, low temperature cryocoolers is a major technological challenge 
for the SAFIR mission. Achieving the thermal requirements of the system (4K and below) has not been 
attempted with cryocooler technology by any NASA program. In addition the proven life time of the 
majority of cryocoolers is less than 5 years. A design trade that examines the applicability of cryostats to 
the SAFIR mission would be a worthwhile exercise for the future.  

Transporting the heat from all elements on the cool side of the solar shield to the cryocoolers on the 
warm side will also present a major technological challenge.  The large area and multiple low temperature 
requirements will require significant development. Other areas which will require development will be 
aided by current efforts for the James Webb Space Telescope, which will address issues such as 
deployable, large aperture optics.  

5.6 RISK 
 The requirements for new technology directly lead to development risks. Aside from technology 
development for thermal control, this mission is relatively low risk. In fact, the spacecraft could easily be 
built with current technology at minimal risk. 

 The operational risks are focused heavily on the thermal requirements because sudden changes in 
temperature could damage many critical pieces of the telescope and instruments. This can be somewhat 
mitigated by fault protection that would keep the solar shade pointed toward the sun at all times (but it 
would remain an issue).  

The reliability of the cryocoolers and reaction wheels is also an operational risk, even with the 
redundancy of those systems.  
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5.7 PLANETARY PROTECTION 
There are no planetary protection requirements for this mission. 

 

5.8 COST 
TABLE 15. SYSTEMS COST BREAKDOWN 

NOTE: This table is not available for public release. 
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6 STRUCTURES 
6.1 DESIGN REQUIREMENTS 

• The objective of the current study is to review and validate the feasibility of the SAFIR spacecraft 
design provided by the customer. 

o Team X is to focus on the design of spacecraft elements which operate at greater than 4K. 
o Team I will perform additional work on the telescope design—everything on the cold 

side of the V-groove radiator (< 4K).  
• Mission Life: 5 years nominal with 10 year goal. 

6.1.1 CARRIER 
• There are no additional requirements that affect the design of the Carrier. 

6.1.2 TELESCOPE 
• The primary mirror diameter is 10m. 
• The primary mirror area is 78.5m2. 
• The gimbaled telescope must provide adequate thermal performance and vibration isolation. 
• The telescope has a mass allocation of 3120 kg, including 30% contingency (2400 kg without). 

o This mass allocation is based on rule of thumb that the structural support mass of a 
stackable, deployable mirror is 2 times the mass of the mirror itself. 

o The mirror surface mass/area ratio used is 20 kg/m2. 
6.2 DESIGN ASSUMPTIONS 

• Previous studies: The customer provided the following mass equipment lists for use during the 
study. 

o Goddard Space Flight Center IMDC (Integrated Mission Design Center) MEL 
o James Webb Space Telescope (JWST) MEL 
o LAI SAFIR Systems Sheets 

• The V-groove radiator structural characteristics and deployment were taken as givens from the 
customer team but details were unavailable. As a result, Team X did no specific design work on 
the Radiator. 

6.2.1 CARRIER 
• There are no additional assumptions that affect the design of the Carrier. 

6.2.2 TELESCOPE 
• Heritage: The telescope mirror is assumed to use the stackable mirror deployment technology 

designed for JWST. 
6.3 DESIGN 

The payload is a 10m aperture cryogenic telescope with multi-layer V-groove radiators (12m x 
38m), similar in optical layout to FAIR-DART. However, there was no quantitative information made 
available on the specific design. In fact, the customer team stated that there was no detailed telescope 
design they could provide. Instead, the directive was to just use the JWST as a stand-in. A graphic of the 
JWST is shown in the IMDC reports, even though it appears that these IMDC studies pre-date JWST. In 
any case, there is no real numerical engineering or configuration information available on JWST in the files 
made available during the study. 

The telescope is mounted on a 3-jointed 2x8m boom (the customer originally estimated 5-6m) 
standing up from the center of the shields (on the cold side of the radiators). The deployed telescope 
articulates with a 2-axis cryogenic actuator because it needs to point off-angle from the normal to the 
thermal shields.  Since the cryogenic actuator is located on the cold side of the radiators, there is a 
bookkeeping question as to whether it should really be included with the spacecraft bus.  

The study started with the assumption that the customer team had a well-developed design for the 
telescope and the V-groove radiator. As the study progressed, a lack of actual quantitative information 
about these inputs became evident. The uncertainties about the design of the telescope payload and the V-
groove radiator, which are critical to this study, introduce a higher-than-usual degree of uncertainty into the 
structure mass estimates. 

The customer had what appeared in the beginning to be a well-developed design. The plan was to 
input this original MEL data to the structural design sheets. During the course of the study, however, two 
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other MELs with widely different data became available. A summary of the structural mass estimates is 
given below. 

In the GSFC IMDC study (2002), the total structural mass was 739kg, including a 165 kg 
interstage adapter to the 4394-5 PAF (leaving only 574 kg of actual spacecraft structural mass). According 
to the Payload Planners Guide, however, this adapter only has a bolted interface without a separation 
system. As such, the decision to use this approach may be based on an invalid assumption. 

The second source of structural mass information came from the JWST design. Consider the 
Powerpoint presentation titled “JWST_SC Info for Team X,”(external to JPL, provided by the Northrop 
Grumman team).  On page 9 of this presentation, the Structural and Mechanical Subsystem (SMS) is listed 
as having a 524 kg total mass; the spacecraft total dry mass is 2000 kg and the propellant mass is 361 kg. 
No further details or breakdown for the Structural and Mechanical subsystem was supplied. Although the 
JWST design is considered more well developed, the IMDC study at least provided a structure mass 
breakdown. 

An Excel file titled “LAI-SAFIR_System_Sheets” was also provided during the study (external to 
JPL, provided by the Northrop Grumman team). However, this “GTWS-C Mission” design also has no 
breakdown; the only summary shown is a single bus structure mass of 768 kg out of 1401 kg total bus 
mass. In addition, a short disclaimer states that these results are actually part of the 2000-2002 IMDC 
study. 

This ambiguity of the previous designs makes the design/evaluation of the spacecraft bus and the 
interfaces to the telescope payload very uncertain. Although several different customer MELS were 
provided, a Team X parametric mass estimation was ultimately used for the bus structure. In general, the 
telescope mounting on the cold side of the V-groove radiator during launch, in addition to the instrument 
and boom interfaces, will present some interesting design challenges. 

6.3.1 CARRIER 
The V-Groove Radiator consists of 5 deployable layers mounted on the spacecraft bus. In 

addition, there is a single sun shield, mounted on the cold side of the V-Groove Radiator. The largest 
uncertainty with the present design is related to how the structural loads are fed-through the V-Groove 
Radiator, which is critical to the thermal performance. It can only be assumed that the required load bearing 
feed-through structures, however they are designed, are included in the stated V-Groove Radiator mass. 
However, that assumption appears to be uncertain, even though it’s derived from JWST (which is currently 
in Phase B). 

 

The Carrier spacecraft consists of the following elements: 

• 2-axis articulated 0.5m HGA 
• Solar arrays are deployed out into a fixed position.  
• Propulsion has 4 tanks, 80cm diameter each 

 

There appeared to be a wide discrepancy in cabling mass estimates among the previous designs 
supplied by the customer. For example, in the MEL for “JWST_SC INfo for Team X,” the cable harness 
mass is listed as193 kg (9.7 % of 2000kg total dry). However, in the IMDC study “LAI-
SAFIR_System_Sheets,” the cable harness mass is 10.2 kg (0.7% of 1401 kg dry). It is not clear what the 
assumptions are that lead to these vastly different cable mass estimates. The final decision was to use the 
Team X cabling algorithms, which produced 98 kg. 

6.3.1.1 Equipment List 

The total structural mass for the main spacecraft is 876.1 kg CBE. The structural elements with the most 
mass are the primary structure (487.7 kg) and telescope 3-joint boom (197.9 kg). 
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TABLE 16. SAFIR STRUCTURE AND EQUIPMENT MASS ESTIMATES 

Mass (kg) 

Materials: Composites Units
Current 

Best Est. 
Contin-
gency

CBE + 
Conting.

TOTAL (less Cabling, LV adapters) 876.1 30% 1138.9
Primary Structure 1 487.7 30% 634.0
Secondary Structure 1 62.3 30% 81.0
Telescope 3-Joint Boom 1 197.9 30% 257.2
Solar Array Structure 2 27.4 30% 35.6
Solar Array Actuator(s) (Fixed) 0 0.0 30% 0.0
Solar Array Latch/Release+Booms 2 5.2 30% 6.8
Antenna Articulation Mechanism (2-axis) 1 6.7 30% 8.7
Integration Hardware & MHSE 1 34.1 30% 44.4
Balance Mass (spinner) 1 54.9 30% 71.3
Adapter, SC side (not in mass total) 1 93.5 30% 121.5
Cabling Harness 99.6 30% 129.4

3-axis

 
6.3.2 TELESCOPE 
 Although the customer team initially desired a review of the telescope, a lack of available 
information resulted in a directive to treat the telescope as a black box. The final mass allocation was 2400 
kg + 30 % contingency for the entire telescope with its integral back structure and deployment mechanisms. 
This allocation was based on feedback from Northrop Grumman engineers experienced in deployable 
mirror design, particularly for JWST. JWST uses a rotation-translation joint to deploy and latch 7 
hexagonal mirror segments, which are originally stacked together. SAFIR proposes to use the same 
deployment scheme. For SAFIR, the smaller, secondary mirror deploys on three retractable struts before 
the main aperture deploys. This secondary mirror deployment method was not selected for JWST because 
of its complexity. 

 The telescope mass allocation depends primarily on the mirror surface mass/area ratio, which is 20 
kg/m2 on JWST. According to Northrop Grumman engineers on the customer team, the rule of thumb is to 
double the mirror mass to account for support structure & actuators. Since the 10m SAFIR mirror has a 
total surface area of 78.5 m2, the total mass allocation becomes approximately 3140 kg (2 x 78.5 m2 x 20 
kg/m2). 

Aside from the telescope instrumentation, Structures was asked to estimate the mass of the 3-joint 
deployment/stand-off boom between the radiator and the telescope. Although Moog Type 5 actuators were 
assumed for ACS, Structures was concerned that these actuators might not be nearly stiff enough for the 
mass of the telescope.  Therefore, Structures assumed Type 7 (the biggest in the catalog) at 7.7kg each and 
added 50%. In addition, the boom tube requires high stiffness; the assumed boom specifications were 20cm 
(8”) diameter (at an L/D of 40) and 6mm (0.25”) wall thickness, with a linear density of 8.5kg/m 
composite. Thus, the 2x8m deployment/stand-off boom mass sums at 136kg, allowing 20% for end fittings, 
etc. The total mass of tubing and actuators comes to 197 kg CBE. 

6.3.2.1 Equipment List 

The telescope was treated as a black box during this study. Thus, an equipment list is not provided. 

6.3.3 SEPARATION EVENTS 
The major separation/release event is the unlatching of the telescope and its 3-jointed boom from the 
launch latch position.  

TABLE 17. STRUCTURAL/MECHANICAL SEPARATION EVENTS 

Separation Event Mechanism 

Solar Panel Deployment Pyro or wax-pellet actuators 
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V-groove Radiator Arm Deployment Stored-energy (spring loaded) 
or electric motor 

Telescope Boom Deployment & Latch Electric motor feedback-
controlled 

High gain antenna deployment Electric motor feedback-
controlled 

Telescope articulation Electric motor feedback-
controlled 

V-groove Radiator Shield Deployment Electric motor 

6.3.4 CONFIGURATION 
The customer team had some good illustrative configuration graphics, but Team X did not  perform 
additional configuration work. As no CAD files were available from customer, it would have been a major 
work effort to create a new CAD model from-scratch. Since both time and study funds were limited, the 
consensus was that configuration graphics were not worth generating. However, for completeness, graphics 
from customer-provided file are shown below. 
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6.3.4.1 Carrier 

 
FIGURE 8. SAFIR SPACECRAFT ISOMETRIC VIEW 

 
FIGURE 9. SAFIR SPACECRAFT SIDE VIEW 

 

6.3.4.2 Telescope 

Additional customer-produced configuration graphics for the telescope were not available. 
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6.3.4.3 Configuration Modes 

As no 3D models (configuration graphics) were generated for this study, configuration modes are not 
available. In general, the configuration modes are: 

• Stowed in launch vehicle fairing 
• Deployed On-orbit 

6.4 TRADES 
There were no structural trades conducted during this study. 

6.5 TECHNOLOGY 
Structures and Mechanisms assumes use of best current technology, no specific 
technology development needed or presumed for this mission. 

TABLE 18. STRUCTURES TECHNOLOGY OVERVIEW 

Subsystem Technology 
Type 

Metrics 
(Performance 
measurement) 

TRL Criticality  
(Mission 
Critical, 
Enabling, 
Enhancing) 

Comments 

Structures Primary mirror 
deployment & 
latch 

Mirror surface 
accuracy 

2 Critical  

 Telescope 
positioning & 
pointing boom 

Pointing 
accuracy, 
stability, 
robustness 

4 Critical  

 

6.6 PLANETARY PROTECTION 
Not applicable. 

6.7 RISK 
Structures technology risk is basically low per usual Structures design philosophy; 
assumed to employ current best technology, standard design procedures and testing, and 
appropriate stress margins.  
6.8 COST 

The cost breakdown for structural components is shown below in FY05 dollars. This cost analysis 
assumed the following:  

• Class A mission 
• Proto-flight hardware 
• No engineering model 

 

One caveat must be stated about the total cost shown.  A total structural mass greater than 600 kg is well 
beyond Team X's validated range for structures costing. As such, the study's cost estimates have a higher-
than-usual range of uncertainty and the totals may well be rather under-estimated. In addition, the cost of 
the 2x8m telescope positioning arm may be optimistic, again, because of its scale.  

TABLE 19. STRUCTURES SUBSYSTEM COST BREAKDOWN 

NOTE: This table is not cleared for public release. 
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TABLE 20. SAFIR STRUCTURES COST BREAKDOWN 

NOTE: This table is not cleared for public release. 
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7 THERMAL 
7.1 DESIGN REQUIREMENTS 

• SAFIR (single aperture far infrared observatory) is meant to build on the technologies of JWST, 
SIRTF, and Herschel to look at thermal emission from dust (20 µm to 200 µm).  This will provide 
insight into star formation and the origins of galaxies. 

• 5 year life time (consumable for 10 years) at an L2 orbit.  An L2 orbit will eliminate or reduce any 
eclipses or earth-orbiting effects and minimize heat variations. 

7.1.1 CARRIER 
• Cooling requirements are as follows  

o 10 µW at < 0.1 K 
o 100 mW at 4 K 
o 100 mW at 15 K  
o 1 W at 40 K 

• An ADR (Adiabatic Demagnetization Refrigeration) Cryocooler used to provide cooling at the 
detector level (performance and weight are provided as customer input but “booked” within the 
thermal subsystem). 

7.1.2 TELESCOPE 
• 10m mirror will be cooled to 4 K, with the detector focal plane at < 0.1 K. 

7.2 DESIGN ASSUMPTIONS 
• A launch timeframe of 2020 

7.2.1 CARRIER 
• Baseline design is based off of JWST (James Webb Space Telescope), although SAFIR is much 

larger (10 m vs. 6.5 m mirror) and colder (< 0.1 K detectors for SAFIR). 
• The 3 stage cryocooler has the following cooling power capabilities (at an input power of 200 W) 

o  30 mW at 4 K 
o 100 mW at 15 K  
o 500 mW at 40 K 

• Use a multi-stage V-groove radiator, where the upper stage of the V-groove radiator system will 
be actively cooled to 15 K by 5 passive stages and a sixth stage which is actively controlled by a 
cryocooler to 15 K. 

• Sunshade will be fixed (in relationship to the sun) and pointing will be accomplished by moving 
the telescope (minimizes the required sunshade size) 

7.2.2 TELESCOPE 
• All instruments operating cooler than 0.1 K are considered a “black box” with input data obtained 

from the customer. 
 

7.3 DESIGN 
7.3.1 CARRIER 

• Spacecraft radiator (7.4 m2) to dissipate remaining ~1400 W from the spacecraft at 300 K. This is 
the balance of heat (heaters, box dissipation, battery power, etc.) that will need to be rejected from 
the hot side. 

• A combination of MLI, heaters, thermostats, thermal sensors, thermal control surfaces, and heat 
pipes will be used for thermal control  

• Total thermal system mass is 817 kg (1063 kg with contingency) which is made up mostly from 
cryocoolers, the sun shield, and thermal radiators. 

o V-groove and Sunshield: 425 kg (552.5 kg with contingency) 
o Cryocoolers ( > 4K control): 201.7 kg (262.1 kg with contingency) 
o Cryocoolers (< 4K control): 40 kg (52 kg with contingency) 
o MLI, Heaters, Heat Pipes, etc: 150.3 kg (195.4 kg with contingency) 

• The power requirements for the thermal system are 1304 W during operation, the bulk of which 
comes from cryocooler operation. 
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7.3.1.1 V-groove Radiator &Sunshield 

• The V-groove radiator size and configuration is based on the JWST design with a 10% increase in 
mass (for a total mass of 425 kg). 

o This accommodates a fixed sun shield and an articulating telescope 
• The V-groove radiator is made up of 5 passive layers (with each successive layer cooler than the 

one previous), going from a hot side of 300 K to a cold side of 15 K. 
• A sixth layer is the sun shield, which will be actively cooled to 15 K with cryocoolers and heat 

pipes. 
• Sun shield is stationary with respect to the sun, where pointing is accomplished by moving only 

the telescope. 
 

 
FIGURE 10.  THE SAFIR CONFIGURATION AND VARIOUS TEMPERATURE RANGES 

7.3.2 TELESCOPE 
7.3.2.1 Cryo-coolers (to 4 K control) 

• Each V-groove layer does not have its own dedicated cryocooler. In other words, the total heat 
load on the V-groove requires multiple cryocoolers to work together. 

• 4 active cryo-coolers (plus 1 spare) 
o Given an input of 200W, the 4 cryo-coolers provide a total cooling load of:  

 120 mW at 4 K 
 400 mW at 15 K 
 2000 mW at 40 K 

o All 5 cryocoolers have a total mass of 150 kg and dissipates 800 W while active 
• 1 dedicated cryo-cooler radiator (4.4 m2) 

o A dedicated cryocooler radiator will dissipate 800 W at 300 K on the hot side of the 
spacecraft (assumes a poor view factor = 0.5) 

7.3.2.2 Cold Stage Control (colder than 4 K) 

• A cold stage heat transfer mechanism (cold stage spreader) (10 kg) will be needed to distribute 
heat along the 10m mirror 

• Two ADR cryocoolers are used to provide 10 µW cooling at 0.1 K, where only the cold side is on 
the instrument itself 

o Total mass = 30 kg and total power dissipation = 100 W 
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7.3.2.3 Block Diagram 

FIGURE 11. CARRIER SPACECRAFT THERMAL CONTROL SYSTEM BLOCK DIAGRAM 
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7.3.3 THERMAL ENVIRONMENT 

• Cryocoolers will remain on during science operation phases.  They will be turned off during the 
launch phase.  They may be turned off as part of a safe mode, although the mission impact 
(specifically the amount of time that will then be required to re-cool the optics) may be significant. 

• It is assumed that all solar energy, earth shine, and moon shine will not affect the sun shade 
performance.  A detailed ray tracing analysis of the possible light diffraction of the moon or earth 
around the sun shade onto the instrument will be required (stray light analysis). 

• The spacecraft temperature ranges from 0.1 to 300 K. The max heat rate is 1350 W/m2. 
7.3.4 THERMAL COATINGS AND PROPERTIES 

• Multi-layered insulation (MLI) blankets will be used to isolate the hot electronics and spacecraft 
from the cold instrument (i.e. 20 layers with an effective emittance of 0.05) 

• Thermal control surfaces and radiator properties will be chosen to maximize their heat rejection 
capabilities (and reduce the amount of energy absorbed if in the direct path of solar energy).  Since 
the spacecraft bus side will constantly be exposed to solar illumination, long-life materials will be 
chosen to minimize any UV degradation. 

• Sun shade materials will be chosen to maximize their ability to reject heat directly to space, 
without absorbing any energy (highly specular and low emittance properties to “direct” the energy 
to the gaps exposed to space). Kapton film will be used for this purpose. 

 

7.4 TRADES 
7.4.1 MOVING HEATSHIELD VS. STATIONARY SHIELD 
 The sunshield can either be fixed or articulated with repect to the articulated telescope. A fixed 
sunshield reduces the overall size required but mechanisms that operate in a cold (4-15 K) environment are 
needed to maneuver the telescope.  In contrast, moving the entire sunshield/telescope assembly will require 
an overall increase in size and mass of the sunshield. 

 

7.5 TECHNOLOGY 
7.5.1 SUNSHIELD 
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• While the sunshield is based off of the JWST design, SAFIR will require an actively controlled 
shield at 15 K.  This requires the integration of the cryocoolers cooling the last layer of the 
sunshield, and the heat pipes minimizing thermal variations, all mounted on a deployable 
sunshield membrane. 

7.5.2 CRYOCOOLERS 
• Additional development of cryocooler technology (in efficiency, weight, and power usage) will 

help enable the thermal control of the sunshield at 15 K, the telescope at 4 K, and the detectors at 
0.1 K 

 

TABLE 21. THERMAL TECHNOLOGY OVERVIEW 

Subsystem Technology Type Metrics 
(Performance 
measurement) 

TRL Criticality  (Mission 
Critical, Enabling, 
Enhancing) 

Comments 

Thermal Sunshield Size, mass, 
temperature 

2 Enabling  

 Cryocoolers Efficiency, 
weight, power 
usage 

3 Enabling  

 

7.6 RISK 
Risk items for the thermal control subsystem are moderate; the following issues should be considered. 

The mitigation for all of these risks would be design and testing. 

• Sun shield performance – includes design and lay-out, isolation of one layer to another, view 
factor calculations, efficiencies of material properties (namely emittance and conductivity).  A 
deployable sun shield that requires active cooling may be a configurational challenge, as well as 
difficult to test on the ground. 

• 4 K coolers – mass, power, and capabilities are specified but additional heat loads or less efficient 
coolers will modify the stated capabilities.  Vibration effects on the telescope from the cryocoolers 
may affect performance of measurements.  Thermal back loads from the instrument onto the shield 
will affect the overall detector temperatures.  Variation in temperature across mirror or shield may 
affect readings.  Mechanisms and actuators will need to operate at very cold temperatures. 

• Warm side of spacecraft (300 K without a good view to space) – the spacecraft will be much 
warmer without a good view to cold space, making the standard heat rejection processes (i.e. the 
waste heat from the cryocoolers and the spacecraft itself) much more difficult. In other words, 
small uncertainties at high temperatures will cause large heat leaks (proportion to T4) so the hot 
side control is a risk area. 

7.7 COST 
The total thermal system cost is $72 million ($61.2 is recurring and $10.8 is non-recurring).   

TABLE 22. THERMAL SUBSYSTEM COST BREAKDOWN 

NOTE: This table is not available for public release. 
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8 POWER 
8.1 DESIGN REQUIREMENTS 

• Class A 
• Fully redundant 
• 2013 technology 
• 2020 launch, 5-10 year lifetime, L2 position 
• 3-axis stabilization 
• Max solar range is 1.01 AU 

8.1.1 CARRIER 
• Power system type: Solar arrays with secondary batteries 
 

8.1.2 TELESCOPE 
• Solar arrays do not have rear view factor to space, i.e. they can dissipate heat only from the sun-

side . 
8.2 DESIGN ASSUMPTIONS 
8.2.1 CARRIER 

• Solar Array with Secondary Battery and Shunt control 
• Solar array sizing determined by “all instruments” mode and batteries by 3 hour “safe mode” 
• Deployable fixed orientation solar array wings 
• Li-Ion Battery 
• Three batteries to support level handled by two, dual electronics with cross-strapping 
• Technology is SOTA (state of the art) 

8.2.2 TELESCOPE 
• There are no assumptions which affect the power design of the telescope. 

8.3 DESIGN 
The following design details are covered in the following sections:  

• Overall power system 
• Power source/generation 
• Power storage/distribution 
• BOL/EOL power 
• Power modes and durations (for critical events) 

8.3.1 POWER MODES 
• Critical Mode for Solar array sizing is “All Instruments.” 
• Critical Mode for Battery Sizing is Safe Mode with assumption of 3 hour duration. 

TABLE 23. POWER SYSTEM OPERATING MODES 

NOTE: This table is not available for public release. 
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8.3.2 POWER SOURCE 
8.3.2.1 Solar Array 

The array consists of two (2) wings with advanced multi-junction solar cells (3-4-5 junction) with 32% 
efficiency, mounted on deployable rigid panel substrates. The wings are canted 20 degrees from the sun 
normal. The array sits above the thermal shield, consequently losing rear surface view factor to space and 
therefore running at an elevated temperature of ~90C. Solar array redundancy can be achieved through two 
means, redundant circuit wiring, or additional circuit strings.  

TABLE 24. CARRIER SPACECRAFT SOLAR ARRAY DESIGN 

NOTE: This table is not available for public release. 

Solar Array Degradation and Loss Factors 
The 0.98 fatigue loss is high in view of the limited number of thermal cycles. Consequently, it is included 
to “book keep” additional wiring or additional circuitry as selected for redundancy. The 0.92 radiation 
degradation factor assumes a 10 year mission life. 

TABLE 25. CARRIER SPACECRAFT SOLAR ARRAY DEGRADATION AND LOSS FACTORS 

 
8.3.3 POWER STORAGE 
8.3.3.1 Secondary Battery 

Three (3) batteries are used to meet the redundancy requirement. The loss of 1 battery allows a 3 hour safe 
mode to be met with acceptable DOD from the remaining two (2). Having slightly greater electronics 
control complexity is mass and cost beneficial over use of two (2) larger capacity batteries where Safe 
mode can be met with loss of one. 

TABLE 26.  SECONDARY BATTERY DESIGN 

NOTE: This table is not available for public release. 

 

8.3.4 POWER ELECTRONICS 
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TABLE 27. CARRIER POWER DISTRIBUTION ELECTRONICS DESIGN 

NOTE: This table is not available for public release. 

 

8.4 TECHNOLOGY 
Solar Cell technology is advanced and anticipates developments presently in the R&D phase. 

TABLE 28. POWER SYSTEM TECHNOLOGY OVERVIEW 

Subsystem Technology Type Metrics 
(Performance 
measurement) 

TRL Criticality  
(Mission 
Critical, 
Enabling, 
Enhancing) 

Comments 

Power Multi-junction  Efficiency 4 Enhancing  

8.5 RISK 
Solar cell technology is advanced and anticipates developments presently in the R&D phase. Use of present 
SOTA cells would increase the solar array area and mass by ~ 12%. 

8.6 COST 
NOTE: This section is not cleared for public release. 
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9 PROPULSION 
9.1 DESIGN REQUIREMENTS 
9.1.1 CARRIER 

• The SAFIR mission requires a single propulsion system. 
• Redundancy: The propulsion system is redundant, except where that is impractical (such as the 

propellant tank) 
• Delta V: The propulsion system must provide delta V maneuvers over the whole life of the 

mission (up to 10 years) of up to 175 meters/second 
o TCM-1 is nominally 35 m/s but with 3 sigma variation could be up to 100 meters / 

second 
o  The L2 insertion has two burns,  

• The first TCM2  has an allocation of up to 15 meters/second 
• The second TCM 3 burn has an allocation of up to 10 meters/second 

o The allocation for orbital correction maneuvers is 5 meters/second per year for 10 years 
o 100+15+10+5x10 = 175 meters/second 

• The propulsion system must provide small attitude control maneuvers for unloading the reaction 
wheels 

• The propellant was sized for a spacecraft wet mass at launch of 7750 kg 
9.1.2 TELESCOPE 

• The telescope has no propulsion design requirements other than the need to provide pointing 
control. See the ACS section for more details. 

o ACS propellant is used for unloading the reaction wheels. 
o Also propellant may be used for adjusting the spacecraft location over the mission life 

9.2 DESIGN ASSUMPTIONS 
9.2.1 CARRIER 

• Propulsion System Type: hydrazine monopropellant system  
• Pressurization System Type: Blowdown system. This is the most cost effective, with good mass 

efficiency. 
• Contamination: Assume that contamination from a hydrazine system on the warm spacecraft side 

is not an issue on the cold telescope side. This assumption is based on a JWST study that showed 
no contamination on the far side of the sun shield onto the optical surfaces. 

• Torques: Assume that unintended torques resulting from plume impingement on the sun shield 
surfaces can be compensated. 

• Pure Couples: Assume that pure couples are not needed for attitude control (during wheel de-
saturations) and that the small delta V imparted is not a problem. 

• Thrust: Assume that the thrust direction is always generally away from the sun, or at least 
tangential to the spacecraft’s orbit around the sun, as there is no capability to provide thrust on the 
cold side of the vehicle to thrust back towards the sun. 

o Providing thrust on the cold side was examined briefly and found to be a very difficult 
problem. In such a scenario, the propulsion system would have to be cold Helium gas; 
however, the propulsion feed system mechanisms at the required low operating 
temperatures are not currently available. 

• Previous studies: JWST studies currently have a similar propulsion system and suggest that the 
assumptions given above are reasonable. 

• Propellant for reaction wheel de-saturation was not calculated.  
o According to the ACS chair, the minimal orbit perturbation source is torque produced by 

the impinging solar wind. Thus, it is reasonable to assume that the CG is along the same 
axis as the center of pressure from the solar wind.  

o A (conservative) propellant usage of 2 kg/year was assumed for reaction wheel de-
saturation over 10 years 

9.2.2 TELESCOPE 
• Since the telescope does not have a propulsion system, there are no applicable design assumptions. 
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9.3 DESIGN 
• The propulsion system is a blowdown hydrazine mono-propellant system (see Table 29 for 

details). 
• There are four main engines (for redundancy and control) used for TCM burns. They fire directly 

away from the spacecraft and are 5 Newton monoprop thrusters. 
• There are twelve ACS engines (for redundancy and control) used for ACS maneuvers during safe 

mode, and reaction wheel unloading. 
a. The thrusters do not provide pure couples as they are limited to the warm side of the 

spacecraft (one side of the center of mass) 
• There is 605 kg of hydrazine propellant stored in four (4) independent diaphragm tanks, each with 

a 3:1 blowdown ratio and helium pressurant (starting at 400 PSI). 
• The four propellant tanks are ultralight composite tanks with a thin titanium liner and carbon 

composite overwrap material. They have a mass of 6.6 kg each (current best estimate). 
• The four tanks are connected to a manifold on the liquid side. Independent pressurant service 

valves on the gas side are used to prevent unequal distribution.  
• After the tank manifold, the liquid propellant must then pass through a filter to two parallel latch 

valves. The latch valves are redundant to prevent against a failed closed condition, and provide a 
redundant seal against a thruster valve that leaks during the mission. 

• The liquid lines are wet to the thrust at the time of launch to prevent a water hammer after launch. 
However, to prevent leaks during ground handling and launch vibration, the lines downstream of 
the latch valves are only pressurized to a launch pressure of 50 psi. 

• The vehicle is launched with the latch valves closed, and then they are opened in flight before 
every maneuver. 

9.3.1 CARRIER 
 

TABLE 29. CARRIER SPACECRAFT PROPULSION PARAMETERS 

NOTE: This table is not available for public release. 
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9.3.1.1 Schematic 

FIGURE 12.CARRIER SPACECRAFT PROPULSION SYSTEM SCHEMATIC 

Not provided. 
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FIGURE 13. SAFIR THRUSTER PLACEMENT AND ATTITUDE CONTROL (1/2) 

 

  

CG 

Roll 
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Direction of thruster plumes 
(Direction of thrust is reverse) 

Thruster cant angles minimized  
But some can angle is needed to avoid plume 
impingement on sun shade (which would cause 
heating and counter torques).  

FIGURE 14. SAFIR THRUSTER PLACEMENT AND ATTITUDE CONTROL (2/2) 
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9.3.2 TELESCOPE 
• Not applicable. 

9.3.3 OPERATING MODES 
TABLE 30. PROPULSION SYSTEM OPERATING MODES 

Mission Event Operating Thrusters Purpose (trajectory correction, 
etc.) 

Trajectory Correction Maneuver Four Z facing thrusters Trajectory Correction 

Wheel Desaturation Four at a time, any of 12 Wheel Desaturation 

 

9.4 TRADES 
9.4.1 CARRIER 

• No trades were conducted for the propulsion system on the Carrier spacecraft. 
9.4.2 TELESCOPE 

• Not applicable. 
9.5 TECHNOLOGY 

• Ultralight composite propellant tanks are currently under development and should be qualified by 
Spring 2006 (for possible use with MSL). If unavailable then, the dry mass of the propulsion 
system would go up another 18 kg (CBE) to 23 kg (with margin) due to the added mass of existing 
technology Titanium propellant tanks. 

TABLE 31. PROPULSION SYSTEM TECHNOLOGY OVERVIEW 

Subsystem Technology 
Type 

Metrics 
(Performance 
measurement) 

TRL Criticality  (Mission 
Critical, Enabling, 
Enhancing) 

Comments 

Propulsion Ultralight 
composite 
propellant tanks 

50% Less Mass 4 Enhancing  

 

9.6 RISK 
• The current design only permits thruster-induced couples about the roll axis, whereas pure couples 

about the pitch and yaw axes (such as those for reaction wheel de-saturation) are not possible. As a 
result, the use of thrust maneuvers about the pitch and yaw axes will also impart a small delta V to 
the spacecraft changing the trajectory slightly – which may or may not be an issue (further 
investigation is needed).   

• Plume impingement needs to be closely investigated for this mission. Further design efforts will 
need to determine whether the contamination, heating, or counter torque effects (from impinging 
on large surfaces) are significant. If so then redesign will be needed. 

• In this study, it was assumed that thrust maneuvers would never be needed in (or close to) the 
direction of the sun. If such maneuvers are desired, then a significant undertaking will be needed 
to develop a cold gas helium system that can operate on the cold side of the spacecraft. An 
alternative mitigation might be to provide large booms on which thrusters are mounted; these 
booms would permit standard thrust maneuvers but increase the risk of plume impingement 
problems (the risk being reduced as the length of the boom increases). 

• If one of the reaction wheel gimbals fail then the propulsion system can provide some attitude 
control, but at the cost of increased vibration with each thruster firing which may reduce the 
science capability. With each Attitude control adjustment on thrusters (assuming wheels not 
functional) you would have to let the spacecraft vibration damp out. Therefore your science taking 
time would be limited to the time between the damping of one thruster firing to the firing of the 
next thruster adjustment. This time may or may not be too limiting to do the required science 
depending on the observation being taken and the damping rate of the structure. 
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9.7 COST 
o The propulsion system costs include: 

o the design of the system 
o procurement of piece parts 
o working with the tank manufacturer to develop the new tank design 
o engineering and technical expertise to assemble the propulsion system 
o testing and checkout 
o ground support equipment 
o propellant 
o propellant loading 

o The propulsion system costs do not include a dynamic test model or a thermal test model. It is 
assumed that the actual flight system will be tested with environments. 

o The propulsion system costs include at least one spare for all components, including thrusters and 
tanks.  

o The propulsion system costs do not include the cost for qualification of any hardware, except the 
new propellant tanks. 

o The propulsion system costs do not include the cost for unknown technical issues. If unforeseen 
technical issues occur, management reserve funding will be called upon to solve the unforeseen 
issues. 

o Not included in propulsion system costs is cabling and blanketing needed for the propulsion 
system.  

o The cost did not include the secondary structure design, procurement, and/or manufacturing to 
support the propulsion sub-system (brackets, tube supports, booms, thruster clusters, component 
mounting plates, service valve brackets, etc). 

 
TABLE 32. CARRIER SPACECRAFT PROPULSION COST BREAKDOWN 

NOTE: This table is not available for public release. 
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10 ACS 
10.1 DESIGN REQUIREMENTS 

• Mission Class: This is a class A mission according to JPL mission classifications (D-1489). 
• Pointing: The spacecraft must be able to provide one arcsec (3σ) pointing knowledge to the 

telescope with 0.001 arcsec/sec stability.  
• Mission Life: The design life of the spacecraft and instrument is five years with a goal 

(consumables sized for) of ten years. 
• Redundancy: The spacecraft is fully redundant (with usual waviers, i.e. main engine, etc). 
• Radiation: The mission total radiation dose for the mission life requirement is 25 krad behind 100 

mils of aluminum with an RDM of 2. 
10.1.1 CARRIER 

• Heritage: SAFIR draws a great deal of potential heritage and design similarity to the current 
design of the James Webb Space Telescope (JWST). Other (lesser) sources of heritage include the 
Spitzer Space Telescope, Herschel, and Planck. 

• Technology: SAFIR requires technology development in the areas of low temperature, long life 
cryocoolers, thermal transport, low temperature mechanisms and materials, large aperture optics, 
and a fine guidance sensor on the instruments. 

10.1.2 TELESCOPE 
• SAFIR requires that the focal plane of the telescope stay at or below 0.1K, the telescope optics 

must stay at or below 4K, and all other equipment on the cold side of the sun shield must stay 
below 15K. 

 

10.2 DESIGN ASSUMPTIONS 
• Team X budgeted 20 kg as a mass allocation for RCS propellant to unload the reaction wheels. 
• Launch Date: The mission would launch in the 2020 timeframe (assumed to be June 2020) 
• Inheritance: Team X did not assume any inherited parts or software for this mission. 
• Technology: Team X assumed that the technology developments required for this mission would 

be completed by 2013 (Phase B). 
10.2.1 CARRIER SPACECRAFT 

• Pointing (knowledge of 1 arcsec, stability of 0.001arcsec/sec) must be implemented using a Fine 
Guidance Sensor mounted on the instrument (telescope) for this level of accuracy. The ACS 
system in the spacecraft must then bring the pointing of the fine guidance sensor into the 
acquisition range of approximately 1-2 arcmin (30-60 arcsec), which can be done by a star tracker. 
Once the fine guidance sensor has acquired a guide star, the ACS would use this knowledge to 
control the spacecraft. 

10.2.2 TELESCOPE 
No separate ACS equipment is carried by ACS for the telescope with the exception of the Fine 
Guidance Sensor.  

10.3 DESIGN 
10.3.1 CARRIER SPACECRAFT 

• The stabilization method uses reaction wheels. The goal is to have >11 days between momentum 
unloading to minimize the perturbation to the OD solution.  

• Thrusters will be used to unload momentum 
• Star tracker and IMU sensors will be used for ACS 
• A fine guidance sensor will be used for spacecraft control once the fine guidance sensor has 

acquired the guide star. 
• Gimbals will be used for positioning the telescope. 
• Need to control jitter at milliarcsec level which assumes the use of two levels of isolation for 

RWAs. 
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TABLE 33. CARRIER SPACECRAFT ACS DESIGN PARAMETERS 

Parameter Unit Value 

Stabilization method  - Three axis 

Carrier Pointing Control arcsec 60 

Carrier Pointing Knowledge arcsec 30 

Telescope Pointing Stability arcsec 0.001 

Telescope Pointing Knowledge arcsec 1 

Redundancy - Full 

Heritage - JWST, etc 

 

10.3.2 TELESCOPE 
No separate ACS equipment is carried by ACS for the telescope with the exception of the fine guidance 
sensor.  

 

10.3.3 OPERATING MODES 
• Baseline ACS operating mode during operations  

o Cruise  
 Stabilization method is reaction wheels 
 Thrusters will be used to unload momentum 
 Star tracker and IMU sensors will be used for ACS 
 Gimbals will be used for positioning the telescope. 

o Orbit 
 Stabilization method is reaction wheels 
 Thrusters will be used to unload momentum 
 Star tracker and IMU sensors will be used for ACS 
 Gimbals will be used for positioning the telescope. 

10.4 TRADES 
10.4.1 CARRIER 

No ACS design trades were done for the Carrier spacecraft.  

10.4.2 TELESCOPE 
10.4.2.1 Fine Guidance Sensor 

The level of control knowledge and stability mandates a fine guidance sensor mounted on or near 
the instrument focal plane, since the errors between the Carrier structure and the instrument will exceed the 
requirements.  

Several possible new types of sensors were discussed by the customer representatives, but further 
development will be required. A sensor will be developed for use on or near the focal plane. 

One possibility discussed was the use of SiAs Bib arrays that operate under the conditions 
necessary at the focal plane. 

10.5 TECHNOLOGY 
10.5.1 CARRIER SPACECRAFT 
No new development should be required for this spacecraft with the exception of the fine guidance sensor. 

10.5.2 TELESCOPE 
No separate ACS equipment is carried by ACS for the telescope with the exception of the fine guidance 
sensor. The development of a fine guidance sensor that will work in the low temperature environment of 
the telescope focal plane will be a challenging development. 
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TABLE 34. ACS TECHNOLOGY OVERVIEW 

Subsystem Technology 
Type 

Metrics 
(Performance 
measurement) 

TRL Criticality  
(Mission 
Critical, 
Enabling, 
Enhancing) 

Comments 

ACS Fine Guidance 
Sensor 

Increased 
pointing 
accuracy and 
stability 

2 Enabling Need to 
incorporate a 
sensor with the 
telescope to 
provide required 
knowledge for 
spacecraft 
attitude control 

 

10.6 PLANETARY PROTECTION 
None.  

10.7 RISK 
10.7.1 CARRIER SPACECRAFT 

All ACS equipment is redundant with the exception of the actuator bearings, which will require a 
waiver.  

 

10.7.2 TELESCOPE 
No separate ACS equipment is carried by ACS for the telescope with the exception of the fine 

guidance sensor, which is assumed to be redundant. The FGS has to operate without generating heat which 
would affect the thermal balance necessary to operate the telescope sensor. 

10.8 COST 
10.8.1 CARRIER SPACECRAFT 
 

TABLE 35. CARRIER SPACECRAFT COST BREAKDOWN 

NOTE: This table is not available for public release. 

TABLE 36. CARRIER SPACECRAFT LEVELS OF EFFORT 

This table is not available for public release. 

10.8.2 TELESCOPE 
No separate ACS equipment are carried by ACS for the telescope with the exception of the fine 
guidance sensor. The cost of the fine guidance sensor is not included in ACS.  
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11 CDS 
11.1 DESIGN REQUIREMENTS 

• Mission duration is 5 years 
• Science data rate is 756 TBD kbps 
• Science data volume is 280 Gbits in 4 days 
• Radiation environment for five years is ~12.5 krads TID (Si).  The design requirement will be 25 

krads TID (Si) behind 100 mils of aluminum with an RDM (radiation dose margin) of 2 for 5 
years 

• Technology cutoff is 2013, requiring electronic components to be at TRL 6. 
11.2 DESIGN ASSUMPTIONS 
11.2.1 CARRIER 

• Mass memory will be implemented with a SSR (Solid State Recorder) 
• Customer has a C&DH mass estimate of 20 kg (the SSR mass may be missing). 

11.2.2 TELESCOPE 
Not applicable. 

11.3 DESIGN 
• CDS design life should be at least 8 years 
• 2 redundant SSRs.  Each of the two SSRs will be 384 Gbits to meet the science volume 

requirement of 140 Gbits in two days.  With a missed communications pass, the science data 
volume would be 280 Gbit every four days. 

• The advanced Remote Engineering Unit (REU) will have up to 256 analog channels and use about 
3 Watts 

 

TABLE 37. CARRIER SPACECRAFT CDS DESIGN PARAMETERS 

NOTE: This table is not available for public release. 

11.3.1 CARRIER 
11.3.1.1 Controller 

• JPL Telecommunications Interface (TIF) 
o CompactPCI (Modified) 6U Interface Card 
o 32 Bit, 33 MHz PCI Compliant Bus Interface 
o Redundant MIL-STD-1553B Bus Controller Interfaces  
o Dual Channel Telecom Interface Supporting both SDST and ELECTRA 
o Time Zero Launch Vehicle Umbilical Support 
o Supports Dual String Arbitration 
o Radiation Hard, Maximum 30 KRad (Si) Dose 

 

• JPL CompactPCI (cPCI) Backplane 
o CompactPCI Version 2.2 Compliant 
o 32 Bit, 33 MHz 6U cPCI Compliant Bus Interface 
o 9 Physical Slots (8 cPCI, 1 Power Converter) 
o Ground Support Equipment Interfaces 
o PCI Reset Generation 
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FIGURE 15. 6U CPCI BACKPLANE 

11.3.1.2 Compute Element 

• BAE Next Generation RAD750 Space Flight Computer (SFC) 
o Compact PCI 3U Interface Card 
o 32 Bit, 33 MHz PCI Compliant Bus Interface 
o RAD750 PowerPC Processor 
o Enhanced PowerPCI Bridge 
o 66 MHz Memory & CPU Bus Operation 
o SUROM and Local Memory 
o External Interfaces 
o Radiation Hard, Minimum 100 KRad (Si) Dose 

 

• SEAKR Next Generation Non-Volatile Memory (NVM) 
o CompactPCI (Modified) 6U Interface Card 
o 32 Bit, 33 MHz PCI Compliant Bus Interface 
o 256 Mbytes (2 Gbits) 
o Non-Volatile Solid-State Flash Memory 
o Radiation Tolerant (45 Krad TID) 
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FIGURE 16. NEXT GENERATION RAD750 

11.3.1.3 Block Diagram 

• JPL System Interface Assembly (SIA) 
o CompactPCI (Modified) 6U Interface Card 
o 32 Bit, 33 MHz PCI Compliant Bus Interface 
o Redundant MIL-STD-1553-B RT Interfaces with DMA Access 
o 4 High speed Synchronous Serial Interfaces with choice of RS-422 or LVDS Drivers 
o Each HSS Interface has DMA access 
o UART 16550D Compliant Interface 
o Supports Dual String Arbitration 
o Radiation Hard, Minimum 30 KRad (Si) Dose 
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FIGURE 17. SIA BLOCK DIAGRAM 

• JPL Remote Engineering Unit (REU) 
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o 1553 MIL-STD-1553B Remote Terminal Interface 
o 256 Analog Channels (for Measuring Temperatures and Voltages) 
o Digital Discrete I/O (16 Command and 8 Status) 
o Constant Power Region 
o Mission Clock 
o Alarm Clock  
o Radiation Hardened, Minimum 30 kRad (Si) Dose 
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FIGURE 18. REU BLOCK DIAGRAM 

 

• CDS I/O interface capability needs to be tabulated with mission required interface count and at 
least 30% margins (Quantity of Serial Interface, Discrete I/O, Analog I/O) 

• Project should reference the JPL internal document “Design Principles Matrix ID-62432” 
regarding pre-phase A design margins for memory allocation for boot code, flight image, 
hardware interfaces, power, mass and etc. See the JPL internal website http://avionics-
lib.jpl.nasa.gov/avionics-lib/dscgi/ds.py/ViewProps/File-6339  

• Template spreadsheet for “Generic C&DH Interface” can be found at the JPL internal website: 
http://avionics-lib.jpl.nasa.gov/avionics-lib/dscgi/ds.py/ViewProps/File-7447  

• Template table for “Generic C&DH Design Margins” can be found at the JPL internal website: 
http://avionics-lib.jpl.nasa.gov/avionics-lib/dscgi/ds.py/ViewProps/File-7448 http://avionics-
lib.jpl.nasa.gov/avionics-lib/dscgi/ds.py/ViewProps/File-7447 

 
11.4 TRADES 

• No CDS trade studies are needed to meet the mission requirements. 
11.5 TECHNOLOGY 

• No new CDS technology developments are needed to meet the mission requirements. 
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• Option 2:  One terabit collected per day.  The implementation per CDS string has two DOD 
modified 1 terabit recorders. The data collection implementation includes the capability to collect 
data if there is a missed downlink pass.  
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TABLE 38. CDS TECHNOLOGY OVERVIEW 

Subsystem Technology Type Metrics 
(Performance 
measurement) 

TRL Criticality  
(Mission Critical, 
Enabling, 
Enhancing) 

Comments 

CDS NA NA NA NA NA 

 

11.6 RISK 
• CDS design implementation is low risk. 

 
11.7 COST 
NOTE: This section is not available for public release. 
 



FINAL      59 
 

 

12 SOFTWARE 
The Single Aperture Far-Infrared Observatory (SAFIR) will combine a large primary mirror with 

active cooling to provide unprecedented sensitivity at far-IR and sub-millimeter wavelengths. The 
observatory will study the formation of structures, from the first stars and galaxies in the distant universe to 
planetary systems around nearby stars. 

12.1 DESIGN REQUIREMENTS 
12.1.1 MISSION REQUIREMENTS 

• Mission Destination/Type: Large Far infrared observation platform at sun-Earth L2 (Lissajous 
orbit) 

• Mission Class: A 
• Mission lifetime: 5 years baseline, 10 year goal 
• Launch Date: 2015-2020 
• Funding Source: NASA Office of Space Science 
• Technology:  

o Technology cut-off date of 2013 
o Large, cryogenic deployable mirrors.  
o Long-life cryo-coolers capable of reaching 5 K.  
o Background-limited direct detectors for both continuum and spectral observations.  
o Quantum-noise-limited heterodyne spectrometers tunable over the far-IR spectral region.  

• Heritage: JWST 
• Radiation: 25krad behind 100 mils of Aluminum with an RDM (radiation dose margin) of 2 
• Science Goals: 

o Probe the epoch of reionization due to the first stars when the universe was less than 1/20 
its present age  

o Trace the formation and evolution of star forming and active galaxies since their 
inception.  

o Explore the connection between black holes and their host galaxies.  
o Reveal the details of star and planet formation in nearby debris-disk systems.  
o Search for and quantify prebiotic molecules in the interstellar medium. 

• Instruments: 
o Background-limited detector arrays with thousands of pixels for broad-band imaging over 

the full wavelength range.  
o Moderate resolution (R~1000) spectrometers with background-limited sensitivity and 

near-unit fractional bandwidth.  
o Heterodyne spectrometers tunable over the full wavelength regime with quantum-noise 

limited performance. 

12.1.2 FLIGHT SOFTWARE REQUIREMENTS 
• Heritage: JWST, SIRTF, Herschel 
• Redundancy: One redundant flight computer (full-featured RAD 750-based) for the spacecraft. 

12.2 DESIGN ASSUMPTIONS 
12.2.1 MISSION ASSUMPTIONS 

• Number of Partners: Assume a single contractor 
• International Cooperation: None 
• Work Distribution: The development team is assumed to work in the same facility 

12.2.2 FLIGHT SOFTWARE ASSUMPTIONS 
• Complexity: 

o Spacecraft attitude control is assumed to be high complexity with full 3 axis control. Both 
pointing accuracy and rate requirements are tight. 

o Data management has medium complexity 
• Fault Protection: the low radiation environment implies little or no requirement for extensive fault 

protection to mitigate SEE/SEL/SEU events. 
• Level of automation 
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• Technology 
• Heritage:  

o UML modeling using Rational Rose tool will be demonstrated on NGST 
o RAD-750 CPU Heritage 

• Experience: The entire software is developed by one flight software team. The team is assumed to 
be highly experienced, with on average > 10 years experience in flight software development 
activities. 

• Simulations 
• Software Prototypes 
• Critical mission events 

12.3 DESIGN 
• This report covers two major areas of the software efforts: the spacecraft flight software (or FSW 

below) and the project software engineering.   
• The term “Flight Software,” as defined in the JPL internal document, JPL Standard Flight Project 

WBS (http://rules.jpl.nasa.gov/cgi/doc-gw.pl?DocID=59533), covers not only the flight 
software design and development efforts, but also the management, system engineering, test bed, 
fault protection, simulation, modeling, integration and test efforts needed to complete the flight 
software products. However, it does not cover science investigative and other software delivered 
with the instruments or payloads (which is covered in Instruments/Payloads report).The flight 
software WBS items are summarized below. 

• The “Project Software Engineering” part includes, for example, development of software policies 
and practices, software requirements, design, implementation, test issues, flight/ground tradeoffs, 
and project interface to independent verification and validation (IV&V). 

 
TABLE 39. FLIGHT SOFTWARE WORK BREAKDOWN STRUCTURE 

WBS  WBS Item  

06.12.01  FSW Management  

06.12.02  FSW System Engineering  

06.12.03  C&DH (Note: OS or device drivers common between subsystems are book-kept here.)  

06.12.04  

GN&C (Note: includes GNC subsystem engineering support for analysis and design of 
algorithms for attitude determination, guidance, on-board navigation and control, 
development of computer-based models and simulations for GNC subsystem-level 
stability and performance analysis. Includes any simulation models for development 
and test.)  

06.12.05  Engineering Applications (e.g. Power, Pyro, Thermal, Propulsion, Telecom, etc.)  

06.12.06  
P/L Accommodation (Note: Includes any simulation models for development and test. 
Excludes: software embedded in the payload.)  

06.12.07  
System Services (Note: include system fault protection, architectural infrastructure 
frameworks, simulation models for development and test, etc.)  

06.12.08  FSW Dev. Testbed  

06.12.09  FSW I & T.  

12.3.1 SOFTWARE COST MODEL 
The Flight Software Cost model is constructed on top of the COCOMO II model, with a mapping 

from space mission domain information to the COCOMO model parameters. Since COCOMO is a well-
established software cost modeling tool (several hundred projects in industry and government forming the 
historical basis for the selection of model parameters), the outcome is very credible in general. The model 
can be further calibrated with historical cost data from select JPL missions, to make it more meaningful to 
JPL flight missions. 
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12.3.2 CARRIER SPACECRAFT 
• Software architecture:  
• The entire software is developed by one flight software team, working in the same facility, to one 

schedule, and with one set of requirements.  There will be a single software architecture that is 
shared by all.  Furthermore, all functions that can be shared across the flight software systems will 
be shared, and will be developed only once.  All the common functionalities and components are 
included in the fit. 

• OOAD using Rational Rose UML software development tools & methodologies 
• Software programming language: No information. The development team is likely to generate 245 

KLOC. The delivered code is expected to be 261 KLOC. 
• Flight computer: The full-featured RAD flight computer supports both ACS and CD&H functions. 
• Key Components: 

o C&DH Flight Software 
o ACS Flight Software 
o PSE Flight Software 
o ACE Flight Software 
o Development Systems 
o Testbeds & Simulators 

• ACS/ACE Functions 
o Manage spacecraft modes (Acquisition, Coarse/Fine Science, Thruster). 
o Data acquisition and processing for attitude sensors (CSS, IRU, star trackers, etc.) and 

actuators (reaction wheels, thrusters). 
o Generate actuator commands to reaction wheels and thrusters. 
o Generate steering mirror commands 
o Kalman filter to generate attitude and gyro drift correction 
o Validate and propagate spacecraft ephemeris updates. 
o HGA pointing 
o Independent digital Safehold 
o Correct For Velocity Aberration 
o Compute & manage system momentum 
o Estimate State Vector 
o Sun, Moon, and Earth avoidance 
o Detect and Correct ACS Faults 
o Perform orbit adjusts 
o Provide hot back, redundant data set management. 

 

• CD&H Functions 
o Flight software architecture base on NGST CC&DH to reduce cost. * 
o A Bootstrap loader to provide basic DRAM and EEPROM memory loads and dumps 

capabilities. 
o A commercial real-time executive to provide multi-tasking, scheduling, intertask 

communication, interrupt and exception handling (NGST VxWork). 
o External communication bus operation and arbitration. 
o Capability to cold or warm start the C&DH. 
o Command and data handling shall comply with the CCSDS definitions.* 
o Collection and distribution of on-board state data 
o S/C commands distribution & management 
o Supports autonomous onboard commanding in absolute & relative time-tagged sequences 
o Provide onboard solid state recorder data management. 
o Provide S/C time management and distribution. 
o Provide spacecraft health & safety management, thermal monitoring/control 
o Provide instruments control, health & safety management. 
o Provide capability to load and dump tables/memory. 
o Provide hot backup, redundant data sets management. 
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• Three Testbeds 
o ACS/ACE Flight Software Testbed 
o CD&H/PSE Flight Software Testbed 
o Flight System Testbed 
o 7 PCs (Dynamics, Power, S/C data, Science Raw Data, Uplink Front End Simulators & 

GSE), Interface Hardware, Software Licenses & Tools, C&DH ACS, ACE, and PSE 
Breadboards, and Logic Analyzer (simulator and breadboard count vary with different 
testbeds) 

 

TABLE 40. CARRIER SPACECRAFT FLIGHT SOFTWARE COST MODEL PARAMETERS 

Cost, Schedule, and Workforce 
Summary 

 Comments 

Estimated KLOC:  245 Calculated size of the code the development 
team is likely to generate. 

Effective KLOC:  261 Calculated size of the delivered code. 

Project Description   
Project Name:  SAFIR  

Project Description and 
Assumptions 

This covers the entire 
mission’s FSW cost 

 

  

Options Selected   
Mission Type:  L2 Observation Platform  

Mission Class:  Large/Assigned  

Major Mission Elements   

Carrier:  None  

Lander:  None  

Rover:  None  

Orbiter:   Complex L2 Insertion, Station Keeping, and Observation 
Pointing 

Impactor:  None  

Telecom Sat:  None  

Fly by:  None  

Rendezvous:  None  

Formation Flying:  None  

Sample Return:  None  

Other Mission Element:  None  

GN&C Cost Drivers   

Spacecraft Attitude Control:  High High complexity system, with full 3-axis 
control. Pointing accuracy and rate requirements 
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are tight.   

Scan Platform:  None  

Antenna Pointing:  Medium Earth Tracking and Pointing from L2 

Antenna Count:  1 HGA 

Robotic Arm:  None  

Robotic Arm Count:  0  

Thrust Vector Control:  High Orbit Insertion and Station Keeping 

EDL Type:  None  

Deployable Mechanisms:  Low  

Deployable Mechanism Count:  2 Instrument Structure, Solar Arrays, Thermal 
Radiators 

Other Controlled Mechanisms:  None  

Controlled Mechanism Count:   

C&DH Cost Drivers   

Data Management Complexity:  Mediun 140 Gbit buffer, up to 8MB/s downlink 

Radiation Environment:  Low 25 krad behind 100 mils alum., RDM of 2 
added. Low radiation environment implies little 
or no requirement for extensive fault protection 
to mitigate SEE/SEL/SEU events.  

CFDP:  Yes  

Flash Memory:  Yes Comes with the CDH Hardware 

CPU Redundancy:  Dual String – Warm backup Backup computer  

CPU Multiplicity:  Single CPU RAD-750 Heritage 

Load Balancing:  Static  

Engineering Subsystem Cost 
Drivers 

  

Thermal Control:  Difficult Maintain instruments at very low temps  during 
measurements 

Power Control:  Moderate  

Telecomm:  Moderate  

Payload Cost Drivers   

# Simple Instruments:  3 Telescope, LRS, HRS, HET 

# Medium Complexity 
Instruments:  

1 Cam 

# Complex Instruments:  1 IR Spectrometer 

On-board Processing:  Simple  
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Implementation Cost Factors   

Implementation Mode:  System Contract  

Development Organization 
Experience:  

High Assume a highly experienced flight software 
team. That is, the development team has, on 
average, > 10 years experience in flight software 
development activities. 

Percent Code Inheritance:  25 .JWST 

Percent Design Inheritance:  50  

Software Heritage:  Proto Flight JWST, SIRTF, Herschel 

Percent Partner Cost Sharing:  0  

International Partners:  False  

Hardware Heritage:  Nominal to Low  

Number of Partners:  One Assuming single contractor 

Team Geographical Distribution:  Same Facility The development team is assumed to work in the 
same facility. 

Miscellaneous Cost Drivers   

Safety Requirements:  Property  

Planetary Protection 
Requirements on S/W:  

Category I No Planetary Contact 

 

12.3.3 OPERATING MODES 
No software operating modes were identified during this study. 

12.4 TRADES 
No software trades were identified during this study. 

12.5 TECHNOLOGY 
The software assumes the use of JWST design, development technology and tools, and CPU technology.  
Therefore as long as JWST is completed the software technology developments are low. 

 

Subsystem Technology Type Metrics 
(Performance 
measurement) 

TRL Criticality  
(Mission Critical, 
Enabling, 
Enhancing) 

Comments 

Software CPU - - - Assumed 
heritage 
From JWST 

 

12.6 PLANETARY PROTECTION 
There are no planetary protection requirements for this mission. 

12.7 RISK 
The software risk is low since it uses existing JWST design and technology. The assumptions used in the 
risk assessment are provided below. 
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• No new concept, i.e. 
o UML modeling using Rational Rose tool will be demonstrated on NGST 
o Space-to-ground IP will be demonstrated on GPM 

• WV IV&V are handled at project level.  
• Early data system component development is required to support flight software development in 

all areas 
• Typical software risks apply 

o Good industry practices 
o Adequate test time 
o Adequate test resources 
o Adequate documentation 

 

12.8 COST 
All cost numbers are in FY 2005 dollars for easy comparison to earlier reports. 

12.8.1 FLIGHT SOFTWARE COST 
The Cost Model produced the ‘most likely’ cost value, which uses the software industry standard cost 
model COCOMO II as the underlying formula. The formula was calibrated with the historical cost data 
from a few JPL missions.  The ‘minimum’ and ‘maximum’ cost numbers are obtained from the Team X 
cost distribution model. The last column, or the ‘mean’ cost number, is calculated by the simple formula: 
(min + max + most likely * 4)/6. This mean value is said to be the best estimate based on the Program 
Evaluation and Review Technique (PERT). These values are summarized below: 

TABLE 41. SYSTEM FLIGHT SOFTWARE COST RANGE 

NOTE: This table is not available for public release. 
 

12.8.2 PROJECT SOFTWARE ENGINEERING COST 
The estimated project level software engineering effort is 5% of the total of the FSW and GSW (ground 
software) development cost.  The meaning of the ‘most likely,’ ‘minimum,’  ‘maximum’ and the ‘mean’ 
cost numbers are just like those described above for the FSW costs. These numbers are summarized below: 

TABLE 42. SYSTEM PROJECT SOFTWARE ENGINEERING COST RANGE 

NOTE: This table is not available for public release. 
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The research described in this document was carried out at the Jet Propulsion Laboratory, California 
Institute of Technology, under a contract with the National Aeronautics and Space Administration. 

13 TELECOMMUNICATIONS 
13.1 DESIGN REQUIREMENTS 

• Mission lifetime: 5 years with 10 year goal 
• Launch date: 2020 
• Technology: Cutoff 2017 
• Redundancy: Full 
• Telemetry data rates: Ka-Band high rate downlink rate is 30 Mbps; Uplink rate is 2 kbps at X-

Band 
• Data volume: 844 Gbits/day 
• Operating modes 

o Safe mode: Support 7.8125 bps uplink command rate and 10 bps downlink telemetry rate 
o Cruise mode: 2 kbps uplink and downlink 
o Science mode: 30Mbps downlink 

13.2 DESIGN ASSUMPTIONS 
• Heritage: JWST 
• Technology: Updated SDST to handle high data rates and near-Earth frequency spectrum 
• Communication frequencies: 

o X-band uplink 
o Ka-band downlink emergency 
o Ka-band downlink prime 

• Communication data rates: 
o X-band uplink: 10 bps emergency to LGA, 2 kbps command to HGA 
o Ka-band downlink: 7 Mbps 

• Modulation: Uplink is PCM/PSK/PM, Downlink: QPSK 
• Solar range: 1.01 au 
• Mechanisms: 2 axis gimbaled HGA 
• Vendor-supplied components:  SDSTs, Power amplifiers, HGA, LGAs diplexers, switches, 

cabling 
13.3 DESIGN 

• Equipment 
o Antennas: 0.5-m HGA (X/Ka-band),  1 Ka-Band LGA, 1 X-Band LGA 
o Transmitters/Receivers: Modified SDST  (Small Deep Space Transponder) 
o Amplifiers: 5W Ka-Band SSPA (Solid State Power Amplifier) 

• Frequencies 
o Uplink: X-Band 
o Downlink: Ka-Band 

• Technology: Updated SDST, new Ka-Band SSPA 
• Heritage: JWST 
• Redundancy: Full 
 

Uplink is from a 12m ground station at X-Band to either the HGA or LGA. The ground station 
transmitter power is 100 W. The receive data rate is 2 kbps through the HGA.  Note that the max 
Earth-spacecraft range accounts for the L2 halo orbit (amplitude described in the Mission Design 
section). 

TABLE 43. EARTH-CARRIER SPACECRAFT UPLINK DESIGN 

NOTE: This table is not available for public release. 

 

The downlink is at Ka-Band. The transmission data rate is 30 Mbps. The spacecraft uses a 0.5m HGA with 
a 5W power amplifier. A rate ½ LDPC code is used.  
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TABLE 44. CARRIER SPACECRAFT-EARTH DOWNLINK DESIGN 

NOTE: This table is not available for public release. 

 

13.3.1 CARRIER SPACECRAFT 
The spacecraft is designed to provide two-way communications through all mission phases – launch, cruise 
and science. The spacecraft will support command, telemetry (engineering and science) and navigation – 
Doppler, ranging and DOR (differenced one-way ranging). The telecom system will include equipment to 
support the launch.  

 

During cruise, the spacecraft will use an X-Band uplink and a Ka-Band downlink. Data return will 
be obtained using a high rate Ka-Band. This link will support a telemetry rate of 30 Mbps to a 2 element 
12m antenna array at a range of 0.011AU. This link uses a rate ½ LDPC code. The uplink is nominally 
supported by a 12m antenna with a 100W transmitter. Note that the actual transmitter power for a 12m 
antenna will be determined by future technology enhancements. The command rate will be reduced when 
going through the LGA at max range. 

 

The primary hardware on the spacecraft includes redundant X/Ka SDST transponders, 2 Ka-Band 
SSPAs, a 0.5m X/Ka articulated HGA, a Ka-Band transmit LGA, and 1 X-Band uplink LGA. Other 
spacecraft telecom equipment includes the following: the microwave components – diplexers, switches, 
filters, hybrids, waveguide and cabling.  

 

Issues include the cost to. International standards on the appropriate usage of frequency bands 
states that spacecraft operating near Earth (within 2 million km) must use 26 GHz for communication. The 
antenna on the SAFIR spacecraft operates at 32 GHz Ka-band for downlink.  Therefore, there will be a cost 
to modify the SDST to the near-Earth frequency band at 26 GHz. 

 

This mission assumes technology that is available in this time frame.  

13.3.1.1 Communications Modes 

The telecom subsystem is designed to support all mission phases. It will use an X-Band uplink and a Ka-
Band downlink. In the nominal case, the LGAs are used for launch and early cruise and the HGA is used 
for communications with the ground stations. In addition, the LGAs will be used for emergency 
communications. During the science phase, the Ka-Band telecom system with the HGA will be used for 
science telemetry return. 

 

TABLE 45. CARRIER SPACECRAFT COMMUNICATIONS EQUIPMENT OPERATING MODES 

Item Units Mode 1  Mode 2 Mode 3 

Mode Name  Cruise Science Safe 

HGA (X/Ka) -    

Uplink (X band) kbps 2 2 N/A 

Downlink (Ka 
band) 

kbps 30,000 30000 N/A 

Power W 5 5 N/A 
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LGA -    

Uplink kbps 2 N/A .0078125 

Downlink kbps 2 N/A .01 

Power W 5 N/A 5 

 

13.3.1.2 Antennas 

High Gain 
• The HGA is a 0.5m, dual frequency, dual reflector antenna with a 2-axis gimbal. It operates at 

both X-Band for the uplink and Ka-Band for the downlink. It would be a new design. Its purpose 
is to support high rate telemetry return and commanding and navigation during outer cruise and 
during the science mission.  

• Antenna type: Reflector 
• Frequencies: X-band Uplink & Ka-band Downlink 
• Articulation: 2 Axis Gimbaled 
• Technology: Existing at the time 
• Heritage: New 

 

TABLE 46. CARRIER SPACECRAFT HIGH GAIN ANTENNA DESIGN 

NOTE: This table is not available for public release. 

Medium Gain: None 
Low Gain:  
LGAs are body fixed.  

• One Ka-band (transmit only) LGA used during Launch, Early Cruise phases and for emergency 
communications at a range less than 0.011 AU 

• One X-band (receive only) LGA used to receive commands in all phases of the mission. 
13.3.1.3 Receivers 

The redundant receivers on the Carrier spacecraft are housed in the SDST transponders. They receive at X-
Band.  

TABLE 47. CARRIER SPACECRAFT RECEIVER DESIGN 

NOTE: This table is not available for public release. 

13.3.1.4 Transmitters 

The transmitters for Ka-Band are housed in the transponders. They are exciters that have output powers 
around 20 mW. The signals feed the Ka-Band TWTAs.  

TABLE 48. CARRIER SPACECRAFT TRANSMITTER DESIGN 

NOTE: This table is not available for public release. 

 

For Each SDST in X-up/Ka-down mode:  

• Mass 2.7 kg & Power Consumption: 16 W 
13.3.1.5 Amplifiers 

This design uses a new Ka-Band 5W SSPA. 
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TABLE 49. CARRIER SPACECRAFT AMPLIFIER DESIGN 

NOTE: This table is not available for public release. 

13.3.1.6 Block Diagram 

 

FIGURE 19. TELECOM BLOCK DIAGRAM 
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13.4 TRADES 
13.4.1.1 Low vs. High Transmit Data Rate 

• The Baseline data rate was set at 7 Mbps. Using the same spacecraft telecom system and assuming 
an 8 hour pass per day requires one 12m Ka-band station on Earth for a successful data downlink. 

• Increasing the data volume and therefore the data rate to 30 Mbps and keeping the same spacecraft 
telecom system and the 8-hour pass per day requires arraying of two 12m Ka-band station on 
Earth for a successful data downlink. 

13.5 TECHNOLOGY 
Table 50. Telecom Technology Overview 

Subassembly Technology 
Type 

Metrics (Performance 
measurement) 

TRL Criticality  
(Mission 
Critical, 
Enabling, 
Enhancing) 

Comments 

X-Band Transponder Transponder Radiation  9 Critical  

Ka-band SSPA, 5W RF Solid State 
Amplifier 

Radiation, power and 
mass 

7 Critical  

 

13.6 PLANETARY PROTECTION 
Not applicable 
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13.7 RISK 
None 

 

13.8 COST 
TABLE 51. TELECOM COST BREAKDOWN 

NOTE: This table is not available for public release. 

 

Cost Assumptions: 

• The cost includes one spare for each component excluding the HGA. 
• No Environmental Tests, including No Vibration tests, No Thermal Vac. tests, No EMI/EMC tests will 

be performed at JPL; it is assumed that they are all done at the vendor. If Mission Assurance requires 
that these tests will be repeated on the whole telecom system at JPL (this decision depends highly on 
how the telecom payload is delivered to ATLO), the cost of the testing and facilities and the paperwork 
should be added.  

• Assuming JIMO has paid for LDPC code (rate 1/2) + GMSK modulation cost (~$3M NRE). In 
addition, the SDST would need to be procured. 

• Planetary protection cost is not included 
• Mission Assurance cost is not included 
• The ATLO Support at JPL & KSC. MOS/GDS and Schedule Reserves and the transition to ATLO 

operation training and baseline tests are not included. 
o Fit Check Templates cost for each telecom component however is included in the cost. 

• Very limited cost for traveling is included. 
• No additional cost was added for modifying the SDSTs. A next generation transponder of the SDST 

should be available for JIMO (2015), which will be able to provide 10 Mb/sec, thus the 7 Mb/sec data 
rate would be achievable with this. QPSK is the baseline modulation format. 
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14 GROUND SYSTEMS 
14.1 DESIGN REQUIREMENTS 

• Mission Class: SAFIR is a Class A mission 
• Heritage: SIRTF, Herschel and JWST heritage. 
• Launch Date: ~2020 
• Mission Duration: 5 year floor, 10 year goal 
• Destination: Lissajous orbit about L2. 
• The science instrumentation consists of an imager and spectrometer packages. 

14.2 DESIGN ASSUMPTIONS 
14.2.1 MISSION OPERATIONS CONCEPT ASSUMPTIONS  

• Heritage for the mission is SIRTF, JWST, Herschel. 
• Instruments are imager and spectrometer, Eschelle or waveguide grating with bolometer 

arrays.  
• Data volume for study was 140Gb over 2 days. The data rate was limited by thermal aspects 

of operating the instruments. 
• Complexity: The mission is considered extremely complex.  

14.2.2 TECHNOLOGY AVAILABILITY ASSUMPTIONS  

• The DSN is expected to expand ground reception capabilities to meet the planned mission needs 
during the mission timeframe. The likely forms of expansion are the deployment of optical 
communications ground stations, additional large antennas, and large arrays of small antennas, 
providing reception capability better than the current 70 m stations. These arrays can be expanded 
economically to support the needs of all missions in this timeframe.   

o For this mission this means being able to communicate using smaller stations with greater 
availability than what is currently available, thereby reducing operating costs and risk.   

o Optical communications may be available but could be overkill for this mission (unless 
significantly higher data return rate is desired than what was required in the study). 

• GDS changes would be evolutionary in nature from the current technology. Looking at how things 
have changed from missions designed 15 years ago to the present, it is reasonable to expect more 
automated tools for planning and design; however, the labor savings does not materialize because 
missions have grown more complicated, thereby  requiring the new technology just to meet the 
mission needs.  The end result is that the development and operations for this mission would be at 
least on the order of a SIRTF type mission. 

14.3 DESIGN 
In general, all operations would be handled through JPL.  There will need to be a Data Processing & 

Distribution Center (i.e. a Science Operations Center) to coordinate all science operations and plans, which 
nominally is centralized at JPL but could be anywhere, and may have multiple centers.  Alongside the 
science operations center, there will need to be a Mission Operations Control Center (i.e. a spacecraft 
operations center).   

Figure 20 below presents the general data flow for this mission.  Note that TMOD (Telecommunications 
and Mission Operations Directorate) is the old name for what should now be called Deep Space Mission 
Systems. 
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FIGURE 20. GROUND DATA SYSTEM BLOCK DIAGRAM 

 

14.3.1 CRUISE OPERATIONS 

This mission has cruise duration of two months to the L2 position. This requires a complete and 
operational MOS at launch, as there is no time for development post-launch. 

Cruise operations will be light. There will be a post launch checkout. There will be the nominal 
continuous tracking for the first two weeks, 14-18 tracks per week to perform nominal health and 
navigation checks the next 2 weeks, and 3 tracks per week for the second month. There will be a total of 4 
TCMs during the cruise period.  

 

14.3.1.1 Commanding 

During cruise, commanding will be no different during the science operations period with a standard uplink 
once per week. 

14.3.1.2 Data Return 

There is no science conducted during cruise. Telemetry data return during cruise will be handled by the 3 
weekly passes. 
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14.3.1.3 DSN Tracking and Scheduling 

TABLE 52. DSN TRACKING PROFILE 

Mission Activity Antenna 
Size 

Service 
Year 

Hours/track Tracks/week Required 
weeks 

Units Meters year hr Tracks/week Week 

Launch and Early 
Operations  

1-3 12m 
Antenna 
Array 

2020 Continuous Continuous 2 

Check out and early cruise 1-3 12m 
Antenna 
Array 

2020 8 14-18 2 

Health & Navigation & late 
cruise 

1-3 12m 
Antenna 
Array 

2020 8 3 4 

14.3.2 SCIENCE OPERATIONS 
TABLE 53. FORWARD LINK STRATEGY FROM EARTH TO ORBITER  

Parameter Unit Value 

Uplink per day Uplinks/day 1 

Uplink Data volume Bytes/uplink Not available 

 

TABLE 54. RETURN LINK STRATEGY FROM ORBITER TO EARTH 

Parameter Unit Value 

Downlinks per day downlinks/day 1 

Downlink Data volume Bits/downlink 70 Gb 

Onboard Storage Gb 256 

Data dumps #/day 1 

Receive antenna - 1-3 12m Antenna Array 

S/C data destination - JPL 

Maximum time lag between data 
dump and destination 

min Minutes 

14.3.2.1 Commanding 

During cruise, commanding will be no different during the science operations period with a 
standard uplink once per week. 

14.3.2.2 Data Return 

The science mission is based on the operation of the telescope, an imager and HRS and HET 
package. The data volume from these instruments was determined to be 140 Gb over 2 days. This volume 
was based on the operation of at most two instruments at a time, due to thermal limitations. If all 
instruments were used concurrently, the maximum data rate could be as high as 844 Gb per day The 
telecom system was sized to handle either rate.  
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To return this science data to Earth, the return link will be 30 Mbps Ka band in a single 8 hour 
pass per day. This return link will require an array of 1-3 12meter ground stations. The forward link is 2 
kbps using X-band. 

The science operations strategy will have an effect on the development of the MOS and GDS. The 
more instruments operational at the same time will add complexity to the sequencing and interaction of the 
operational flight teams. The models used to reflect SIRTF operations include increased cost due to the late 
addition of the MOS Design to the project and the complicated interaction of the Science Operations Center 
and the DSMS provided services. 

14.3.2.3 DSN Tracking and Scheduling 

TABLE 55. DSN TRACKING PROFILE 

Mission 
Activity 

Antenna 
Size 

Service 
Year 

Hours/track Tracks/week Required 
weeks 

Units Meters year hr Tracks/week Week 

Science & 
Health 

1-3 12m 
Antenna 
Array 

2020 8 7 260 

 

14.4 TRADES 
At this point in the study there are not many trades to be done. Several items need to be developed by the 
study team. The initial inclusion of MOS design, and the overall MOS organization structure and interface 
design are of great importance to the complexity and cost of the MOS development. In addition, with the 
launch about 15 years off, the DSN trades cannot be seriously pursued.  

14.5 TECHNOLOGY 
Advances in GDS systems and Flight software are reasonable to expect but at this stage difficult to 

predict.  Evolutionary trends imply that ever-increasing spacecraft autonomy is expected, as are 
improvements in MOS design.  In addition, the mission goals may be modified/enhanced, which would 
require improved capabilities just to meet the goals.  Typically, the end result is that efforts to develop or 
operate the improved MOS are on the same order as the current MOS. The primary difference is that more 
science is collected and returned. 

 

TABLE 56. GROUND SYSTEMS TECHNOLOGY OVERVIEW 

Subsystem Technology Type Metrics 
(Performance 
measurement) 

TRL Criticality  
(Mission Critical, 
Enabling, 
Enhancing) 

Comments 

Ground Systems 12m antenna 

array 

 

 

S/N ratio  N/A Enhancing Arrayed 
smaller 
apertures 
permit more 
economical 
tracking than 
single large 
antennas 

 

14.6 RISK 
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By design risks are intended to be low.  

14.7 COST 
TABLE 57. GROUND SYSTEMS COST BREAKDOWN 

NOTE: This table is not available for public release. 

 

The costs for this study were using the assumptions of a large SIRTF type mission. The JWST and 
Herschel missions are not mature enough to factor in. The major driver to the SIRTF costs were a result of  
the development organization structure that hindered effective end-to-end MOS design early and the 
resulting late MOS re-planning and development in the development phase. The early MOS initiation is 
most important on this type of mission where the entire MOS must be ready and operational at launch, with 
no delayed development allowed. 
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15 MISSION ASSURANCE & SAFETY 
15.1 MISSION RISK 
The affected Subsystem Engineers scored the risks identified for this study for impact and likelihood.  No 
red/high risks were identified for this mission.  However, major concerns during the design process 
included the issues associated with taking measurements, such as cooling of the instruments and mirror, 
and pointing stability. The following charts provide an overview of mission and programmatic risks that 
were identified by the sub-system engineers throughout the study. 

15.1.1 FEVER CHART 
Each risk is scored by the sub-systems that are affected by it and subsequently given a final score by the 
Risk and Systems engineers. Risks scored as green have a low overall risk level; risks scored as yellow 
have a medium overall risk level; risks scored as red have a high overall risk level and should be watched. 
The table located below shows the number of risks in each category, for a description of the Fever Chart 
labels, please refer to the end of the Mission Risk section. 

TABLE 58. FEVER CHART 
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Impact:
Level Mission Risk Definitions

5 Mission Failure
4 Significant reduction in mission return
3 Moderate reduction in mission return
2 Small reduction in mission return
1 Minimal (or no) impact to mission  

Likelihood of Occurrence:
Level Level Definition
5 Very High, >70
4 High, >50%
3 Moderate, >30%
2 Low, >1% 
1 Very low, <1%  
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FIGURE 21. RISK DEFINITIONS 

15.1.2 RISK OVERVIEW 
The following table expands on the details of each risk and shows mitigated scores where applicable. Note 
that the majority of the risks are low. 

 
Table 59. Risk Overview 

Risk Level Description Impact Likelihood Mitigation Mitigated 
Impact 

Mitigated 
Likelihood

Detector technology 
not yet flown M 

Detector technology is not yet 
mature. Would need to be there for 
proper science measurement taking 

4 2    

Turbo Brayton coolers M Vibrational issues and proper 
temperature control issues 4 2    

Stray light M 
Stray light coming into sidelobes of 
instruments from reflection off of 
moon or earth 

5 1    

Maintaining stable 
temps during 
measurements 

M 
There is going to be a large thermal 
load and requires lots of power to 
maintain 

5 1    

Maintaining 0.1K for 
all instrument focal 
planes 

M 
Critical for measurements 

5 1    

Dependence on JWST 
success L JWST not flying will push back 

development for this mission 3 2    

Continuous Adiabatic 
Demagnetization 
Refrigerator 

L 
Not fully developed yet but should 
be ready in time. Failure of this 
system would raise temperature 

3 2    

Complex movements 
and deployments L Requires unique mechanical 

attachment techniques 3 2    

Low temperature 
properties L 

At very low temperatures, there is 
less reliable data on how system will 
behave 

3 2    

Coordinating with 
thermal shields L 

Make sure that telescope and 
instruments don't incidentally get 
hot 

4 1    

Pointing constraints L Long observations require very 
good pointing accuracy 2 2    

Sunshield coating 
material issues L Low absorptance coating on a 

durable material is required 2 2    

Interface between 
payload and s/c L 

Potential that some observations 
will be missed and issues with heat 
transfer between payload and 
spacecraft 

2 2    

Tipping spacecraft for 
TCMs L Stray light into the instruments and 

uneven heating of sunshields 2 2    
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Transferring heat 
evenly at each stage L Large 10 m mirror has to be cooled 

efficiently 2 2    

Structure too big to test 
prior to launch L 

Need to be able to test technology 
before it can fly 3 5 

Build an 
appropriate 

facility 
2 1 

Larger mirrors than 
JWST L 

A facility would need to be 
developed for the construction and 
testing 

3 1 
Build an 

appropriate 
facility 

2 1 

TCM 1 L Have 2 day window to do burn 3 1 Alternate 
Maneuver 2 1 

 

15.2 SUBSYSTEM RISKS 
 

The following are the descriptions and assessments by the Subsystem Engineers for each of the risk items 
listed in the figures above.  In some cases, a risk description and/or mitigation is also provided.  The risks 
are presented in order from highest to lowest risk.  For this study, there were no high/red risks identified, 6 
medium/yellow risks, and 10 low/green risks. 

 

15.2.1 MEDIUM RISKS 
 

 
 

Risk Name:  Detector technology not yet flown 

Description: Detectors technology not yet mature. Would need to be there for proper science measurement 
taking  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instruments 4 1 New Technology, its at TRL 3 

Programmatics 3 3  

Systems 2 2 Assumption is that this technology will be developed prior 
to launch. 

Overall Risk 4 2 Low TRLs 

 

 
 

Risk Name:  Turbo Brayton coolers 

Description: Vibrational issues and proper temp control issues  
 

Sub-system scores: 
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 Impact Likelihood Comments 

Instruments 5 1 Temp control needed for proper observations 

Thermal 3 2 - Cooling performance at 4, 15, and 40 K 

--> Design and test with updated values 
(Change in original assumptions will re-size SC) 

 

-Vibration issues 

Overall Risk 4 2  

 

 
 

Risk Name:  Stray light 

Description:  Stray light coming into sidelobes of instruments from reflection off of moon or earth  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instruments 5 1 Obliterate observations if stray light gets in 

Overall Risk 5 1  

 

 
 

Risk Name:  Maintaining stable temps during measurements 

Description: There is going to be a large thermal load and requires lots of power to maintain  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instruments 5 1 Critical for measurements 

Systems 5 1 Temperature stability is very important but once it is 
achieved the probability of issue is slim. 

Thermal 2 3 Design for stable temperatures 

(Measurement sensitivity?) 

-Large mirror 

Overall Risk 5 1  
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Risk Name:  Maintaining 0.1K for all instrument focal planes 

Description: Critical for measurements  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instrument 5 1 Measurement requirement 

Thermal 2 2 ADR is new technology 

-Cooling capability? (Mass, power) 

--> Testing to mitigate the unknowns and design for 
discrepancy 

Overall Risk 5 1  

 

 
 

Risk Name:  Dependence on JWST success 

Description: JWST not flying will push back development for this mission  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instruments 5 2  

Programmatics 4 3  

Systems 1 1 Study assumed JWST sucess. 

Overall Risk 3 2  

 

 
 

Risk Name:  Continuous Adiabatic Demagnetization Refrigerator 

Description: Not fully developed yet but should be ready in time. Failure of this system would raise 
temperature  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instruments 5 1 Failure of this does not allow proper temperature to be 
maintained 

Systems 2 2 New Technology... assumed to be completed prior to PDR 

Thermal 2 3 -new technology risk 

-not working will cause the coldest point to be 4 K (not 0.1 
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K) 
Overall Risk 3 2  

 

 
 

Risk Name:  Complex movements and deployments 

Description: Requires unique mechanical attachment techniques  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instrument 5 1 Proper deployment of sunshield and mirrors 

Systems 3 3 large number of deployments increase possibility of failure 

Overall Risk 3 2  

 

 
 

Risk Name:  Low temperature properties 

Description: At very low temperatures, there is less reliable data on how system will behave  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Thermal 3 2 testing will provide insight into structural, mechanical, 
thermal, optical propeties 

Overall Risk 3 2  

 

 
 

Risk Name:  Coordinating with thermal shields 

Description: Make sure that telescope and instruments don't incidentally get hot  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instrument 5 1 
Coordination between thermal shields and instruments is 
critical because you dont want to get any thermal radiation 
into the telescope. Could lose observations 

Thermal 3 1 Impact of instrument on shield effectiveness 

--> use mechanical models and configuration to design for 
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these interactions 

(material property testing and thermal testing will be 
important) 

Overall Risk 4 1  

 

 
 

Risk Name:  Pointing constraints 

Description: Long observations require very good pointing accuracy  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instrument 2 2 Must be able to maintain pointing constraints for long dwell 
times 

Overall Risk 2 2 Constraints are very tight (few arc seconds). Scan rates 
need to be very slow to minimize settling time. First point 
spacecraft then instrument fine pointing would follow. 
Long duration measurements will be very difficult for 
spacecraft to maintain 

 

 
 

Risk Name:  Sunshield coating material issues 

Description: Low absorptance coating on a durable material is required  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Thermal 2 2 

-contamination issues 

-->processing to minimize ground contamination, and 
propulsion/venting configuration to minimize on-orbit 
contamination 

-material properties 

-->test for latest values 

Overall Risk 2 2  

 

 
 

Risk Name:  Interface between payload and s/c 
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Description: Potential that some observations will be missed and issues with heat transfer between payload 
and spacecraft  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instruments 1 1 Potentially miss observations 

Systems 3 3 Fluid loops, data, and power, thermally isolated 

Overall Risk 2 2  

 

 
 

Risk Name:  Tipping spacecraft for TCMs 

Description: Stray light into the instruments and uneven heating of sunshields  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instruments 2 3 Effects stray light and temperature 

Thermal 4 1 Any solar loading onto the sunshield will warm up quickly, 
requiring long time to cool again. 

Design to minimize incidence (likelihood) 
Overall Risk 2 2  

 

 
 

Risk Name:  Transferring heat evenly at each stage 

Description: Large 10 m mirror has to be cooled efficiently  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Systems 3 3 Significant fluid loops throughout the telescope. 

Thermal 2 2 Design to eliminate gradients 

Overall Risk 2 2  

 

 
 

Risk Name:  Structure too big to test prior to launch  
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Description: Need to be able to test technology before it can fly  
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Programmatics 3 5  

Systems 3 5 Fully deployed structure will not fit in existing Thermal - 
Vac chamber (even Plumbrook) 

Overall Risk 3 5  

 

Mitigations: 

 

 Reduced Impact Reduced Likelihood Mitigation 

Programmatics 1 1 Build/Obtain 
appropriate facility 

Systems 1 1 New testing 
facilities 

Overall Risk 2 1 Going to be very 
expensive to build 

 

 
 

Risk Name:  Larger mirrors than JWST 

Description: A facility would need to be developed for the construction and testing 

 

Sub-system scores: 
 

 Impact Likelihood Comments 

Instruments 5 2 New Technology needs to be tested. So big its hard to test 

Systems 3 2 Current plan for HARD deployable mirror array scales to 
10m. 

Overall Risk 3 1  

 

Mitigations: 

 

 Reduced Impact Reduced Likelihood Mitigation 

Instruments 3 1 Build an appropriate 
facility 

Overall Risk 2 1 Build an appropriate 
facility 
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Risk Name:  TCM 1 

Description: Have 2-day window to do burn for orbit injection 
 

Sub-system scores: 
 

 Impact Likelihood Comments 

Mission 
Design 4 1 Likelihood low, but its expensive if it happens 

Systems 2 2 Minimal problem, JPL has plenty of experience with 
TCM's on time critical schedules. 

Overall Risk 3 1  

 

Mitigations: 

 

 Reduced Impact Reduced Likelihood Mitigation 

Mission Design 2 1 Schedule an 
alternate maneuver 

Overall Risk 2 1 Alternate maneuver 

 

 
15.2.2 MISSION ASSURANCE 
15.2.2.1 System resilience 

The Carrier spacecraft has full redundancy built into it. 

15.2.2.2 Maintenance or servicing 

No on orbit servicing is required for this mission. During the 5-10 year mission life, likely maintenance will 
include updates for flight software and planning for science of opportunity. 

15.2.2.3 Launch and near-Earth operations 

Only one launch on a Delta IV Heavy is required for this spacecraft. The near-Earth operations will consist 
of light post-launch checkout, with continuous ground tracking for the first 2 weeks. At 1 day after launch, 
the spacecraft’s chemical propulsion system inserts it into a direct trajectory to L2. 

15.2.2.4 Mission disposal 

For the short-term future the spacecraft will remain near the L2 point, but the orbit is unstable 
without maintenance and the longevity of the orbit is still to be determined. The spacecraft will eventually 
enter a classical heliospheric orbit. It is not anticipated that this will have any impact on other spacecraft 
not in orbit around L2. 

15.2.3 PLANETARY PROTECTION 
Not applicable. 



FINAL      86  
 

The research described in this document was carried out at the Jet Propulsion Laboratory, California 
Institute of Technology, under a contract with the National Aeronautics and Space Administration. 

16 COST 
16.1 DESIGN REQUIREMENTS 
• Study Overview 

o The Single Aperture Far-Infrared Observatory (SAFIR) studies involve launching a large 
cryogenic space telescope to a Lissajous about L2 orbit.  The telescope will be capable of covering 
the gaps between infrared wavelengths scanned with the James Webb Space telescope (JWST) and 
the microwave wavelengths observable with telescopes on the ground. 

o SAFIR will study the earliest phases of forming galaxies, stars, and planetary systems at 
wavelengths from 20 microns to one millimeter 

o 10 m mirror cooled to 4 K, with detectors < 0.1 K 

• Assumed heritage from JWST, SIRTF & Herschel missions 

• Mission Class A 

• Mission duration shall be 5 years with a 10 year goal. 

• The spacecraft is considered fully redundant except for specifics identified by the representative 
subsystem. 

• Approximate Launch date ~2020 

• Location for assembly is unknown at this point. 

• Industry will supply the instruments.  

• This mission is not cost capped. 

• All costs are calculated in FY 2005 

• Sparring strategy: Selected 

 

16.1.1 DESIGN ASSUMPTIONS 
• Technology cutoff will occur in 2013 with a minimum TRL of 6 at the end of Phase B 

• Schedule Information – Note that no specific launch date outside of approximate year was chosen so 
an assumed date of July 1st, 2023 was selected so the start of Phase A coincided with the client’s 
request of January of 2011.  Refer to the tables below for detailed schedule data outlining phase 
durations along with projected start and end dates. 

TABLE 60. PHASE DURATION, START AND END DATES 
Start End

Months

Months

Months

Months

Months

Months

Months

Months

Months
Months

Days

Phase A Length
Phase B Length

36
31

Phase C Length
Phase C Design
Phase C Fabrication
Phase C Subsystem I&T

Phase D
Phase D System I&T

Phase E Length
Launch Date
S/C Commissioning Length

Phase D Launch Operations

01 Jul 2023
30

24
42

59

48
24
12
12

5

Phase A
Phase B Start
Phase C Start

Phase D End

Design Start
Fabrication Start
Subsystem I&T Start

Phase D Start
System I&T Start
Launch Operations Start

Phase E Start

29 Jan 2011 28 Jan 2013
28 Jan 2013 30 Jul 2016
30 Jul 2016
30 Jul 2016
30 Jul 2018
31 Jul 2019

31 Jul 2023 29 Jun 2028

30 Jul 2020
30 Jul 2020

28 Feb 2023
31 Jul 2023
31 Jul 2023

30 Jul 2018
31 Jul 2019
30 Jul 2020

28 Feb 2023

 
• The following table represents the rates and factors used to determine parametrically derived costs  
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TABLE 61. PARAMETRIC COST PERCENTAGES 

Costing Element Percentage Notes
Operations Management Percent 10.00% % Phase E Cost less Reserve
Payload Management Percent 2.00% % of payload cost
Payload Engineering Percent 2.00% % of payload cost
Project Management Percentage 2.80% % Phase A-D Cost less Reserve
Education & Public Outreach Fraction 1.00% % of Total Mission less LV and All Reserves
Education & Public Outreach Pre-Launch Percentage 25.00% % of EPOR percentage above allocated prior to launch
Development Mission Assurance % 5.90% % Phase A-D Cost less Mgmt & Reserve
Operations Mission Assurance % 1.00% % Phase E Cost less Mgmt & Reserve
Reserve Strategy
Phase A/B Reserves 30.00%
Phase C/D Reserves 30.00%
Phase E Reserves 15.00%  
 

• The Development Mission Assurance percentage was set to 5.9% of Phase A-D costs less management 
and reserves based upon cost team experience from MER and Cassini. 

• Costs for V-Groove Radiator and ACTDP Coolers were provided by the customer. NOTE: These cost 
values are not available for public release. 

• Thermal costs are expected to be high due to long life expectancy and high performance goals of the 
active cooling system. 

• Assumed spares and associated cost savings from JWST, SIRTF and Herschel do not apply to 
structures primarily due to the larger sunshield, the larger aperture and cryogenic operating 
temperatures far below those previous missions. 

16.1.2 COST SUMMARY 
 

• The expected mission cost equals $2,440M with a range from $2,196M - $2,927M.  The range 
represents a minimum, calculated as the expected mission cost less 10%, and a maximum, calculated 
as the expected mission cost plus 20%.   Team X cost estimations, when compared to historical studies, 
are accurate within this range.   

TABLE 62. PROJECT COST RANGE 

NOTE: This table is not available for public release. 

 

• It should be noted that Team X cost models estimate missions based on current or near term 
technology (5-8 years out) and do not account for technology development costs beyond that.  As a 
result, an estimate for technology development along with assembly, test and launch operations of 
$250M was added.  This may not be correct due to emerging technologies over the next 15 years.   
Expanding the cost range to minus 25% to plus 30% would be more prudent for this kind of mission 
considering the level of uncertainty across the board.  

• Science was estimated as a lean competed mission, thus producing level 0/1 data products.  As a result, 
an additional $40M for a Science Center was added under the total for Phase E.    

• Spacecraft mass was identified as ~ 7000 kg. Thus the launch vehicle selection was iterative.  The 
Delta IV 4050H, whose cost is $218.2M FY 2005, was ultimately selected 

• Launch vehicle costs are available from recent NASA AO’s 

• Major cost drivers for the  SAFIR Vision Mission include: 
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o Instrument package, estimated parametrically by mass ratio 

o Thermal systems  

o Structures and mechanisms  

• The following table represents a high level cost comparison between SAFIR Vision Mission and 
SIRTF across the phases of the missions.  Note that since SIRTF is still underway, Phase E costs are 
not complete. 

TABLE 63. PROJECT PHASE COST COMPARISON 

NOTE: This table is not available for public release. 

• Both the SAFIR and SIRTF missions share the fundamental design of a cryogenically cooled orbiting 
telescope designed for infrared imaging. The difference, however, is that SAFIR will exceed SIRTF in 
many areas such as mass, cryogenic technology and mission life. 

o Estimated launch mass for SAFIR is ~ 7000 kg vs. SIRTF at 950 kg 

o Operating temperature for SAFIR telescope optics is 4 K (focal plane at 0.1 K) vs. SIRTF at 
35 K 

o Mission duration for SAFIR is 5 yrs (min) with a 10 yr goal vs. SIRTF with 2.5 yrs (min) 
with a 5 yr goal.   
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16.1.2.1 Project Cost Summary 

• The following table represents the project cost summary.   

 

TABLE 64. PROJECT COST SUMMARY 

NOTE: This table is not available for public release. 

• The following table represents the project budget. 

TABLE 65. PROJECT BUDGET ACROSS SCHEDULE 

NOTE: This table is not available for public release. 

• Inflation is assumed to be constant at 3.1%.  If this changes over the course of the project then the 
projected cost in real years will change drastically. 

• The following graph represents the funding profile across the projected schedule.  Note that the 
inflation rate is held constant at 3.1% and will dramatically influence the funding profile if altered. 

TABLE 66. MISSION FUNDING PROFILE 

NOTE: This table is not available for public release. 

 

16.1.2.2 Element Cost Summary 

• The following table represents the element cost summary. 

TABLE 67. ELEMENT COST SUMMARY 

NOTE: This table is not available for public release. 

 

16.1.3 RISK 
Cost risk was not addressed during this study. 

16.1.4 CONCLUSION 
• The level of variance for the cost of this mission is very high due to the difficulty associated with 

estimating the affect new technologies will have on the development of the mission. 

•  Minimum and maximum cost percentages should be expanded to account for future technology 
development impacts (or the lack thereof) 
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17 TECHNOLOGY 
The following table represents a summary of key technologies for this mission. Technologies are identified 
along with performance metrics and mission impact criticality). See the individual subsystem sections for 
more specific information. 

TABLE 68. MISSION TECHNOLOGY OVERVIEW 

Subsystem Technology 
Type 

Metrics  

(Performance 
measurement) 

TRL Criticality   Comments 

Science Sunshade Maintain 
constant 
temperature on 
telescope, 
provide shielding 
from stray light 

3 Enabling On the Carrier 
spacecraft. The primary 
benefit is that the 
technology is enabling. 
The disadvantage is 
size. The heritage is 
from Spitzer. 

 10m aperture Throughput 
Diffraction Limit 

4  On the telescope. The 
main disadvantage is 
volume and mass. 
Telescope optics. The 
heritage is ST. 

 Mirror Surface 
Control 

Focus 4  On the telescope. The 
main disadvantage is 
that active control is 
required. The heritage 
is NGST. 

 Mirror Material Mass reduction 3  On the telescope. The 
heritage is NGST. 

 Optical design Fine Pointing 
correction 

4  On the telescope. The 
main disadvantage is 
that off-axis, active 
control is needed. The 
heritage is NGST. 

 Detectors – 
Large format IR 

Increased 
measurement 
fidelity 
(resolution, data 
quality) 

2 Enabling On the telescope. The 
main disadvantage is 
that this is a new 
technology with high 
risk and high sensitivity 
requirements. 

 Telescope 
Deployment and 
Latching 
Stability 

Extremely high 
mechanical 
rigidity/stability 
(absolutely no 
movement)  

4 Enhancing Current systems can 
provide latching 
mechanisms at reduced 
stability 

 Autonomous 
Docking & 
Robotic 
Assembly 

Reduced cost, 
risk with regard 
to manned 
assembly 

4 Enhancing  
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Instruments NA NA NA NA NA 

Mission Design NA NA NA NA NA 

Systems See Systems 
Section 

NA NA NA NA 

Structures Primary mirror 
deployment & 
latch 

Mirror surface 
accuracy 

2 Critical  

 Telescope 
positioning & 
pointing boom 

Pointing 
accuracy, 
stability, 
robustness 

4 Critical  

Thermal Sunshield Size, mass, 
temperature 

2 Enabling  

 Cryocoolers Efficiency, 
weight, power 
usage 

3 Enabling  

Power Multi-junction  Efficiency 4 Enhancing  

Propulsion Ultralight 
composite 
propellant tanks 

50% Less Mass 4 Enhancing  

ACS Fine Guidance 
Sensor 

Increased 
pointing 
accuracy and 
stability 

2 Enabling Need to incorporate a 
sensor with the 
telescope to provide 
required knowledge for 
spacecraft attitude 
control 

CDS NA NA NA NA NA 

Software CPU - - Enhancing Assumed heritage From 
JWST 

Telecom X-Band 
Transponder 

Radiation  9 Critical  

 Ka-band SSPA, 
5W RF 

Radiation, power 
and mass 

7 Critical  

Ground Systems 12m antenna 

array 

 

 

S/N ratio  N/A Enhancing Arrayed smaller 
apertures permit more 
economical tracking 
than single large 
antennas 

Programmatics NA NA NA NA NA 

Cost NA NA NA NA NA 
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Appendix B.  SAFIR Sensitivity 
 
 
Background 
The ultimate performance limit for a cold telescope at L2 is the photon noise from the diffuse 
astrophysical backgrounds. This Appendix tabulates the intensities of these backgrounds, the 
astrophysical capability of SAFIR if operating at these limits, and the requirements for detectors 
which will enable this performance. 
 
Introduction 
Although far-IR – mm-wave astronomy has now been developing for several decades, access to this 
portion of the spectrum has remained difficult and limited. Relative to their optical-wavelength 
counterparts, the existing submillimeter observatories are both small in units of wavelength and hot 
units of photon energy, which imposes limits on their sensitivity. The single-aperture far-IR 
observatory (SAFIR) offers the potential to overcome these limitations, with its large (10 m), cold 
(4.5 K) aperture in space. The fundamental sensitivity limit for a cold far-IR space telescope such as 
SAFIR is the photon noise in the diffuse astrophysical backgrounds. If limited only by these 
backgrounds, SAFIR has the potential for 4–5 orders of magnitude sensitivity improvement relative 
to existing and planned facilities. It is therefore important to estimate the photon noise from these 
diffuse backgrounds, to anticipate the types of astrophysical experiments that SAFIR will enable and 
to estimate requirements on the detectors to take full advantage of the low-background environment. 
 
Photon-Limited Sensitivity 
In this analysis, we describe the photon field in terms of orthogonal spatial modes, and assume that 
these modes are uncorrelated throughout the optical train. In this case, the noise from each mode 
coupling to a detector adds in quadrature to produce the total noise. This approach is applicable, for 
example, to diffraction-limited imagers and spectrometers, in which a single detector couples only 
one or two polarization modes from the sky and telescope. The noise due to photon rate fluctuations 
is most easily expressed in terms of the effective photon occupation number at the detector, <ne>. 
<ne>  is the number of photons occupying a given mode, and in general is a function of frequency. In 
a small bandwidth δν, <ne> determines the mean photon rate <ne>δν , and corresponding power  
<ne>hν δν in this mode. In calculating <ne>, for a given mode at a given detector, it is important to 
sum contributions from all sky, telescope, and instrument components, each term weighted by the 
total coupling from its source through the detection process η: 
 

<ne> = Σ <ni>ηI                                                     (1)
 
For thermal sources described with a temperature T and emissivity ε, <n> =  ε(hν/kT - 1)-1. Because 
photons are bosons, the noise arises from the fluctuations in this rate about its mean value, in a finite 
bandwidth and integration time τ , we have (for a rigorous derivation, see Zmuidzinas (2003 Applied 
Optics, 42, 4989). 
  

Δ <ne, rms>2 = (1/τ) ∫ν  dν <ne> [<ne> +1]                (2)
 
Under our assumption of at most a few uncorrelated modes illuminating each detector, we 
convert the mode occupation into an uncertainty in the measured power in an integration time τ: 
 

σ2 = (1/τ) Σmodes m ∫ ν  dν (hν)2 <ne,m>(<ne,m> + 1)        (3)  
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is the uncertainty in the measurement, but it depends on the integration time  τ , which is removed 
to generate the time-independent noise equivalent power (NEP): 
 

NEPphoton[W/Hz1/2] = √2 σ (τ =1s)  

=√2 (Σmodes m ∫ν  dν (hν)2 <ne,m>(<ne,m> + 1))1/2  (4) 
 

The utility of this report is to estimate the occupation numbers of the sources that generate the 
photon noise. Inspection of Eq. 4 shows the two regimes of photon noise: 1) for <ne> < 1, 
corresponding to hν/kT > 1, the photons are uncorrelated and the noise scales as the square root 
of the power on the detector, called “shot noise,” 2) for <ne> > 1, (hν/kT < 1), the noise scales as 
the total power. With a cold space telescope, this transition occurs at  λ ~ 1 mm: in the mid and 
far-IR, the zodi and cirrus background has low occupation number, but beyond 1 mm, the 
background is the optically thick CMB with large occupation number.  
 
In addition to the photon noise, other sources of noise which are not correlated with the photon 
stream add in quadrature to get the total NEP referred to the detector NEPtot.  
 
 

NEPtot
2 = NEPphoton

2 + NEPdetector
2                        (5) 

 
For simplicity in this report, we neglect any contribution from the detectors or amplifiers to the 
noise budget, thus the sensitivity estimates represent a lower limit. To calculate an astronomical 
sensitivity, the instrument / detector coupling and the size and efficiency of the aperture must be 
taken into account: 
 

NEFsky
 = NEPdet / (ηiAtelηA) ,  NEFDsky

 = NEFsky / Δν                  (6) 
 
where the product ηAAtel is the effective aperture of the telescope for coupling plane wave 
radiation to the focus. For SAFIR we assume an aperture efficiency of 75%, and an instrument 
transmission of 25%, and the results presented here can be scaled according to the above 
equation. 
 
The Background Sources 
We turn now to the backgrounds themselves. The far-IR and submillimeter background was 
measured with the DIRBE instrument on COBE, and substantial effort has gone into extracting 
the foreground components to reveal the cosmic extragalactic component. For the purposes of 
estimating the sensitivity of SAFIR and other future observatories, we need only to use these 
DIRBE extractions. The intensity of the diffuse emission is typically expressed in MJy sr-1, the 
conversion to an occupation number requires dividing by the photon energy hν  and the number 
of modes per area per solid angle 2/λ2. The contributions of the various backgrounds are 
presented in Table 1, using DIRBE measured values for the zodi and cirrus out to 240 µm, with 
extrapolations beyond. 
 
Zodiacal Light: From the near-IR through 100–200 µm, the solar system dust scatters solar 
radiation and emits thermally at T ~ 250–300 K. Emission from this component peaks at 25 µm 
and is the brightest background source for an observer in the inner solar system. Relative to the 
galactic and cosmic backgrounds, the solar-system dust is distinguished by its modulation with 
the earth’s orbit. Kelsall et al. (1998 Astrophys. J. 508, 44) present the DIRBE maps, we extract 
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intensities toward the ecliptic poles (low zodi), representing the lowest possible backgrounds, 
appropriate for 10% of the sky. The plots presented in this report are appropriate for the low-zodi 
sightlines. More typical values are also tabulated (medium zodi), appropriate for directions off the 
poles but not in the plane. It is straightforward to scale the sensitivity to these lines of sight as the 
square root of the occupation number. For wavelengths beyond 240 µm we extrapolate by 
assuming 280 K dust with a ν1.5 emissivity law. 
 

Table 1: Diffuse background sources for a cold telescope at 1 A.U. 
Photon Occupation Number 

 
  [µm]  Low Zodi Int. Zodi  Low Gal.  Int. Gal.  CMB  4.5 K  10 K  20 K 

12  8.7 (-11)  4.9 (-10)  1.1 (-11)  4.3 (-11) 
25  1.6 (-9)  7.0 (-9)  2.9 (-10)  5.9 (-10)     1.6 (-14) 
60  3.7 (-8)  4.8 (-8)  1.1 (-8)  6.1 (-9)    1.9 (-9)  3.1 (-7) 
100  1.3 (-7)  2.2 (-7)  5.0 (-8)  1.9 (-7)    2.8 (-8)  3.8 (-5) 
140  1.6 (-7)  1.3 (-6)  1.6 (-7)  6.2 (-7)    1.7 (-6)  3.0 (-4) 
240  3.5 (-7)  4.2 (-6)  6.4 (-7)  3.5 (-6)  2.9 (-10)  8(-8)  1.3 (-4)  2.6 (-3) 
400  2.8 (-7)  3.4 (-6)  1.1 (-6)  6.1 (-6)  1.9 (-6)  1.7 (-5)  1.4 (-3)  9.9 (-3) 
600  2.35 (-7)  2.9 (-6)  1.3 (-6)  7.2 (-6)  1.5 (-4)  2.4 (-4)  5.0 (-3)  2.1 (-2) 
1000  1.85 (-7)  2.3 (-6)  1.4 (-6)  7.4 (-6)  5.2 (-3)  2.1 (-3)  1.5 (-2)  4.7 (-2) 
 

Galactic Cirrus: At longer wavelengths, as the solar-system dust emission decreases, the much 
larger column density of cooler (T ~17–21 K) dust from the galaxy dominates. Arendt et al. (1998 
Astrophys. J. 508, 74) present the maps of this galactic component based on the DIRBE 
observations. As with the zodi, we extract intensities toward the holes (low cirrus) as well as 
more typical intensities appropriate for directions out of the plane of the galaxy, but plot the 
sensitivity appropriate for the low cirrus directions. Extrapolation beyond 240 µm assumes 20 K 
dust with  ν1.5 emissivity.  
 
Telescope and CMB: The telescope and microwave background (CMB) are straightforward 
thermal sources, For the telescope, we consider several temperature values and assume a 
conservative emissivity of 5%. This is larger than the emissivity of the mirror surface itself, to 
account for loading from obstructions and edges. The CMB is a 2.73 K source with unit 
emissivity. 
 
Observatory Sensitivity 
Using power-law interpolations of the background sources presented in Table 1, we plot the 
sensitivities achievable with SAFIR under photon-noise-limited conditions. The first plot (Figure 
1) shows the photon noise at the detector for both continuum observations and spectroscopy, 
expressed as a noise equivalent power (NEP). This is an indication of the detector sensitivity 
required to reach the photon noise limit. While a discussion of the various detector technologies 
and their capabilities is beyond the scope of this Appendix, we point out that the requirements for 
background-limited spectroscopy are beyond what is currently achievable, see Young et al. (2002 
Detector Needs for Long-Wavelength Astrophysics, NASA Report) for a detailed discussion. 
 
Figure 2 plots the SAFIR’s sensitivity in the continuum, along with that current and future far-IR 
submm platforms. SAFIR offers the potential for 104–105 orders of magnitude improvement in 
raw sensitivity, which translates to 108–1010 times faster mapping for a given array size and map 
depth. For very deep observations of the extragalactic sky at the longer wavelengths, source 
confusion will quickly become the most important limitation for SAFIR. At the shorter 
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wavelengths (<100 µm), the source densities will remain high, but the confusion limit allows a 
very deep map. For example, Dole et al. (2004 Astrophys. J. Supp. Ser. 154, 93-96) predict a 
confusion limit of 4 µJy at 70 µm, and that the sources extracted mapping to this depth will 
represent 99% of the total far-IR background. In brief, for its shorter wavelength bands, SAFIR 
will provide the angular resolution necessary to resolve the bulk of the far-IR background 
galaxies, and the raw sensitivity to do so rapidly over large areas of sky. Figure 3 plots the 
sensitivity of SAFIR for moderate-resolution (R=1000) spectroscopy. Because the detector NEPs 
required for the background-limited performance are beyond current capability, the sensitivity 
using devices with NEP = 3x10-19 W-Hz-1/2 is also plotted. The sensitivities of other platforms are
also plotted, again illustrating the huge gains possible with the large cold telescope. Unlike in the 
continuum, source confusion is not a problem for spectroscopy, as any given source has only 1 
spectral line per many spectral resolution elements. 

 

 
 

Figure 1: The photon noise at the detector in NEP units shows the requirements for reaching 
the background limit with a cold space telescope such as SAFIR or SPICA. For the continuum 
cameras or Fourier-transform type spectrometers, NEPs just under 10-18 W-Hz-1/2 are suitable 
– this is close to existing devices used for ground-based spectroscopy and CMB work. For 
moderate-resolution spectroscopy, however, devices with NEP of a few x 10-20 W-Hz-1/2 will 
be required. For comparison, the sensitivities appropriate for the higher-background Herschel 
telescope (green), and the photon noise contribution from many modes inside an instrument 
(4K, AΩ = 3 mm2) are plotted. 
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Figure 2: Raw sensitivity to point sources in the continuum for SAFIR and other far-IR 
platforms. Calculations for SAFIR assume an aperture efficiency of 75%, a camera with 50% 
throughput, and that 4 diffraction-limited pixels coupling both polarizations are used to 
extract the source flux. The Spitzer, Herschel, and ALMA sensitivities are taken from the 
instrument web pages. SOFIA has sensitivities comparable to those of Herschel. Values for 
the LMT (8) are estimated assuming a 50 m, 70 µm, telescope with 0.8 mm of water vapor 
burden. For the platforms other than SAFIR, the thin horizontal lines correspond to the 5σ , 1 
hour raw sensitivity, while the thicker lines at the termination of the arrow represent the 
confusion limit. Upward arrows therefore imply an platform which is confusion limited in less 
than an hour, while downward arrows indicate that observations deeper than 1 hour will be 
fruitful. For SAFIR the thick red curve at the bottom of the plot is the raw sensitivity, while 
the thin red curve shows an estimate of the confusion limit. Confusion limits are taken to be 
10 times the flux density at which there is one source per beam according to A.W. Blain et 
al. (2002 Physics Reports 369, 111.) Overplotted for reference (dashed black curves) 
are redshifted dusty galaxy SEDs appropriate for a 1011 Lsun  galaxy. 
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Figure 3: Sensitivity of far-IR spectroscopy platforms. Values for SOFIA, Herschel, Spitzer, 
and ALMA are taken from the instrument web pages. For ALMA, we assume a 300 km/s 
linewidth. Values for the ground-based ZEUS and Z-Spec instruments are taken from 
published values (T. Nikola et al: 2003 Proc. SPIE 4855, 88; B.J. Naylor, C.M. Bradford et 
al.: 2003 Proc. SPIE 4855, 239). The SAFIR curve (red, bottom) is calculated based on 
photon noise from the backgrounds, assuming a 10 m telescope with 75% aperture efficiency 
and 25% total instrument transmission in a single polarization, and a factor of two degradation 
for chopping. To show the degradation with finite detector NEP, the dashed black curve 
shows the sensitivity of a spectrometer on SAFIR with detectors with NEP = 3x10-19 W-Hz-

1/2. As a guide to the science capability, overplotted are spectral line intensities from a ULIRG 
(L = 1012Lsun ) at various redshifts assuming a fractional line intensity of 10-3, and the current 
cosmological model (vac = 0.73, mat = 0.27, H0 = 71). 
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Appendix C. The DART System 
 

Background 
In Section VI, we briefly reviewed the Dual Anamorphic Reflector Telescope (DART) concept as 
being a possible architecture for a single-aperture large far infrared and submillimeter telescope. 
While we believe that the technology for DART is not yet well developed enough to support such a 
near-term implementation of SAFIR, our team believes that such a concept has a large potential for a 
following generation of telescope with a much larger focal plane aperture, and technology investment 
in it therefore offers important long-range science potential. In this spirit, we include in our report the 
following more detailed description of DART. 
 
DART (Astro-ph/0001241) is a system of two cylindrical-parabolic reflectors. One reflector will 
produce a line focus; two reflectors, properly oriented, will produce a point focus. This system is 
ideally suited to using tensioned membranes for the reflective elements, and hence a lowmass 
telescope system. For farIR/submillimeter missions the DART presents a compelling new telescope 
architecture that is scalable to large apertures, and with its large membrane area is well suited to 
passive cooling. 
 
DART Optical Layout and Analysis 
An intrinsic property of any surface is its Gaussian curvature. A surface with zero Gaussian curvature 
is either flat or has the shape of a trough, so that one of the principal curvatures is always zero. Such a 
surface can be formed by tensioning along only one axis. If the shape of the surface in the curved 
direction is a parabola, then a line focus results for an incident plane wave. To produce a point focus, 
a system of two trough-shaped reflectors properly oriented with respect to each other must be used. A 
perspective view of such a system is presented in Figure 1. In order for this system to focus and have 
a completely unobstructed aperture the focal lengths of the two individual reflectors must be unequal. 
 

 

  
 
 
 
 
Figure 1: The layout of a two mirror 
reflector system where the individual 
reflectors are parabolic cylinders. The 
orientation and curvatures of the individual 
reflectors are chosen so that a point focus 
results for an incident plane wave. The 
reflectors as illustrated are greatly oversized 
to emphasize the curvatures of each 
reflective element. It is clear by inspection 
that the system is completely unobstructed. 
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The aberrations of the system are identical to those of an off-axis paraboloid with focal length f1 in 
the direction which the first reflector focuses, and f2 in the orthogonal direction, with the subscripts 
referring to the first or second reflector. For the specific system displayed in Figure 1, the extent of 
the focal surface is 100x100 resolution elements fully sampling the focal surface. The Airy disk is not 
circular, but has eccentricity e=sqrt(1-(f1/f2)-2) and for the system shown in Figure 1, f1/f2=5/3 or 
e=0.8. 
 
In Figure 2 is displayed a geometrical ray trace of the 5/3 layout. The aberrations scale with the 
product of the individual focal lengths f1•f2 since the dominant aberration is coma, similar to a 
traditional optical system where the comatic aberration scales as f2. 
 

 
 

 
Figure 2: The parabolic-cylindrical surfaces 
are formed by tensioning a reflective foil over 
a frame which has a parabolic contour along 
one axis and is rigid enough to support the 
tensioning. The alignment of the two reflectors 
is critical to the performance of the system. An 
arrangement of six adjustable rigid struts 
connecting the two reflectors completely 
constrains all degrees of freedom while 
allowing the adjustment of the relative 
orientation of the two reflectors (Stewart, D. 
1965 Proc. Instn. Mech. Engrs.180, 371.).

Physical Implementation of the DART System 
A 1.2 m DART prototype/testbed was developed under the NASA New Millennium Space 
Technology 6 study phase program. Lockheed partnered with JPL for the initial work on the first 
DART telescope, with funding provided by the New Millennium ST-6 experiment. The result was a 
success, with a functional prototype produced in four months. With further work after the project 
ended, the Lockheed group produced an image of a hot target through the complete optical system. 
The interest has continued with a deployment concept that can enable the launch of a 10 m class 
DART system. The working system (located at Lockheed-Martin in Sunnyvale, CA) is diffraction 
limited at 40 µm, and has a mass density of 7 kg/m2 for each individual reflector. The following 
figures illustrate the system, and demonstrate the imaging capability at 10 µm. 
 

 

 
 
 
Figure 3: The two reflectors are mounted on a rigid 
truss structure. The reflector at left has a 6-degree 
of freedom mount to allow for precision alignment. 
A collimated beam enters from the left, hits the 
righthand mirror, continues on to the left most 
mirror, and exits the system on the right. 
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Figure 4: The image of a hot coil of wire as imaged through the DART system at 10µm. The 
intensity profile is displayed to the right of the image. The peaks are clearly evident. The ghost to 
the upper left is residual scattering from a slight misalignment of the collimator. The image is not 
sharp because the telescope is diffraction limited at 40 µm. 

 
Shape Control 
The shape of the reflective surface is determined by the tensioning of a membrane over a stiff 
boundary. The shape of the boundary is determined by the bending of a beam. By choosing the 
correct application of forces and moments at the edge of the beam a parabolic shape is obtained ( J. 
Tolomeo, ST6 Final Report, Aug. 2001). 
 
The membrane surface will have predominantly a cylindrical shape with a slight negative curvature 
due to the Poisson effect (the effect that a material shrinks a small amount in the direction 
perpendicular to the applied force). Several methods are being investigated to minimize this 
effect; for the far-IR the magnitude of the effect is less than λ/10. 
 
Scaling relations 
Current technology millimetric telescopes have densities of order 10 kg/m2, a factor of ∼103 between 
the mass of the reflecting layer and that of the support structure. For optical telescopes the situation is 
much worse where the current state-of-the art has density of order 150 kg/m2; the supporting substrate 
a factor of ∼106 more massive than the reflecting layer. 
 
By examining existing telescopes one finds that the areal mass density of the supporting substrate 
(generally some form of glass) is σ ∝ dβ, where d is the aperture diameter and β∼ 0.5. This is 
independent of the technology used, or the epoch when the telescope was constructed. In comparison, 
the areal density of a membrane reflector system scales differently, and is straightforward to 
calculate. The results are presented in Figure 5 below. The results have the same characteristic shape: 
that a membrane telescope has a mass density that decreases with increasing aperture size. 
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Figure 5: The scaling law for a DART membrane telescope shows the economies in areal density 
that the design offers for large sizes. 

 
This is in distinct contrast to the scaling relationship for existing telescopes where σ ∝ d0.5. Thus, not 
only is a membrane reflector less massive to begin with, but the areal density can actually decrease 
with larger apertures if the ring and membrane are appropriately chosen. Clearly, the areal density of 
a membrane telescope system can be reduced by orders of magnitude if the relatively massive 
supporting substrate can be minimized while maintaining the desired reflective surface. 

 
Summary 
There are three key elements to the DART system: 
 

1) An arrangement of cylindrical-parabolic reflectors can be made that will focus light from a 
distant source to a point, without any obstruction to the incident beam. 

 
2) The aberrations of such a system are dominated by coma and are similar to those found at the 

prime focus of a standard parabolic reflector. The diffraction limited field of view of such a 
system is large enough to accommodate a large format far-IR array. By adding a tertiary 
reflector the field of view can be increased, much like the standard RC design of many current 
telescopes. 

 
3) The individual reflecting surfaces can be constructed using low areal mass density membranes, 

with the consequence that the mass density of a complete telescope can approach 1 kg/m2. 
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Future development of the DART system must include: 
 
 • Investigating auxiliary optics that will widen the field of view. 
 
 • Developing technology to produce large high quality reflective membranes. 
 
 • Demonstrate a cooled DART system in a space environment using a low cost, near term mission. 
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